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1 Heading

PI: Peng Yin

Organization: Harvard University

e ONR Award Number: N0O00141110914

Award Title: Self-Assembly of Large-Scale Shape-Controlled DNA Nano-Structures

2 Scientific and technical objectives

We proposed to develop a methodology by using short synthetic DNA strands to build complex
DNA nano-structures. In such a methodology, each short synthetic DNA strand, called DNA brick,
is designed as a modular building block to assemble large structure with nanometer scale geometry
control. We are using the methodology to build a variety of complex nano-structures, including
depth-defined 2D crystals and discrete 3D structures. We are also exploring the design space of these
DNA brick structures to determine how motif changes effect the overall structure, and developing
larger DNA bricks that assemble modularly to polyhedral cages by treating an origami structure as
a brick. We are also developing a number of real world applications based on these novel structures.
The successful development of this modular nano construction methodology and the associated real
world applications will have transformative impact.

3 Approach
We report herein on the following approaches:

1. Development of fundamental molecular mechanisms that enable the assembly of complex
DNA nano structures. See Mechanisms in next section.

2. Development of transformative real world applications based on such shape-controlled, uniquely
addressable nano structures. See Applications in next section.

4 Concise accomplishment

e Two-Dimensional Structures Self-Assembled from DNA tiles. We describe a simple and robust
method to construct complex two-dimensional (2D) structures by using short synthetic DNA
strands that we call DNA tiles.

® Three-Dimensional Structures Self-Assembled from DNA Bricks. We describe a simple and
robust method to construct complex three-dimensional (3D) structures by using short synthetic
DNA strands that we call DNA bricks.

e Complex Crystals with Prescribed Depth. We describe here a novel molecular self-assembly
framework that solves a key challenge in nano-fabrication, the construction of complex crys-
tals with precisely controlled depth and prescribed intricate three-dimensional features.



e Diverse motifs for complex 2D shapes. We describe here the exploration of the design space
for complex 2D DNA structures using single-stranded tile motif variations.

o Assembly conditions of 2D shapes. We explore the effect on formation conditions with differ-
ent designs of the 2D DNA nano structures and develop a method for assembling structures
under biocompatible conditions.

e Polyhedra Self-Assembled from DNA tripods. We describe here the assembly of large 20-60
MegaDalton synthetic molecular structure (12 times larger than DNA origami).

e Assembly across scales: DNA-directed hydrogel assembly. We describe here the DNA directed
self-assembly of shape-controlled hydrogels.

e Structural DNA nanotechnology application: Geometrically encoded fluorescent barcodes.
We describe here the construction of 216 submicrometre geometrically encoded fluorescent
barcodes self-assembled from DNA.

e Structural DNA nanotechnology application: Metallized DNA as etching mask for graphene.
Here we develop a metallized DNA nanolithography that allows transfer of spatial information
to pattern two-dimensional nanomaterials capable of plasma etching.

e Structural DNA nanotechnology application: Patterning inorganic oxides using DNA tem-
plates. Here we develop a metailized DNA nanolithography that allows transfer of spatial
information to pattern two-dimensional nanomaterials capable of plasma etching.

e Structural DNA nanotechnology application: Casting shape-controlled inorganic materials.
We report a general strategy for designing and synthesizing inorganic nanostructures with
arbitrarily prescribed three-dimensional shapes.

S5 Expanded accomplishments

5.0.1 DNA brick nano-structures

Design space for complex DNA structures

Nucleic acids have emerged as effective materials for assembling complex nanoscale structures.
To tailor the structures to function optimally for particular applications, a broad structural design
space is desired. Despite the many discrete and extended structures demonstrated in the past few
decades, the design space remains to be fully explored. In particular, the complex finite-sized struc-
tures produced to date have been typically based on a small number of structural motifs. Here, we
perform a comprehensive study of the design space for complex DNA structures, using more than
30 distinct motifs derived from single-stranded tiles. These motifs self assemble to form structures
with diverse strand weaving patterns and specific geometric properties, such as curvature and twist.
We performed a systematic study to control and characterize the curvature of the structures, and
constructed a flat structure with a corrugated strand pattern. The work here reveals the broadness of
the design space for complex DNA nanostructures.

Please refer to Appendix 11.1.4 for more details.



5.0.2 Three-Dimensional Structures Self-Assembled from DNA Bricks

Three-Dimensional Structures Self-Assembled from DNA Bricks

We describe a simple and robust method to construct complex three-dimensional (3D) struc-
tures by using short synthetic DNA strands that we call “DNA bricks.” In one-step annealing re-
actions, bricks with hundreds of distinct sequences self-assemble into prescribed 3D shapes. Each
32-nucleotide brick is a modular component; it binds to four local neighbors and can be removed or
added independently. Each 8-base pair interaction between bricks defines a voxel with dimensions
of 2.5 by 2.5 by 2.7 nanometers, and a master brick collection defines a “molecular canvas™ with
dimensions of 10 by 10 by 10 voxels. By selecting subsets of bricks from this canvas, we constructed
a panel of 102 distinct shapes exhibiting sophisticated surface features, as well as intricate interior
cavities and tunnels.

Please refer to Appendix 11.1.2 for more details.

5.0.3 Extended DNA crystals

Complex Crystals with Prescribed Depth

We describe here a novel molecular self-assembly framework that solves a key challenge in nano-
fabrication, the construction of complex crystals with precisely controlled depth and prescribed intri-
cate three-dimensional features. Our approach uses single-stranded DNA components called DNA
bricks.We demonstrate, for the first time, the construction of two-dimensional crystals with pre-
scribed depths and intricate three-dimensional features with nanometer precision. These crystals
can grow to micron size with prescribed depth up to 80 nm. They can be designed to display contin-
uous or discontinuous cavities and channels, and to pack DNA helices at parallel and perpendicular
angles relative to the plane of the crystals.

. Please refer to Appendix 11.1.3 for more details.

5.0.4 Diverse motifs for complex 2D shapes

Design space for complex DNA structures

Nucleic acids have emerged as effective materials for assembling complex nanoscale structures.
To tailor the structures to function optimally for particular applications, a broad structural design
space is desired. Despite the many discrete and extended structures demonstrated in the past few
decades, the design space remains to be fully explored. In particular, the complex finite-sized struc-
tures produced to date have been typically based on a small number of structural motifs. Here, we
perform a comprehensive study of the design space for complex DNA structures, using more than
30 distinct motifs derived from single-stranded tiles. These motifs self-assemble to form structures
with diverse strand weaving patterns and specific geometric properties, such as curvature and twist.
We performed a systematic study to control and characterize the curvature of the structures, and
constructed a flat structure with a corrugated strand pattern. The work here reveals the broadness of
the design space for complex DNA nanostructures.

Please refer to Appendix 11.1.3 for more details.



5.0.5 Assembly conditions of 2D shapes

Isothermal self-assembly of complex DNA structures under diverse and biocompatible conditions

Nucleic acid nanotechnology has enabled researchers to construct a wide range of multidimen-
sional structures in vitro. Until recently, most DNA-based structures were assembled by thermat
annealing using high magnesium concentrations and nonphysiological environments. Here, we de-
scribe a DNA self-assembly system that can be tuned to form a complex target structure isother-
mally at any prescribed temperature or homogeneous condition within a wide range. We were able
to achieve isothermal assembly between 15 and 69 °CC in a predictable fashion by altering the
strength of strandDstrand interactions in several different ways, for example, domain length, GC
content, and linker regions between domains. We also observed the assembly of certain structures
under biocompatible conditions, that is, at physiological pH, temperature, and salinity in the pres-
ence of the molecular crowding agent polyethylene glycol (PEG) mimicking the cellular environ-
ment. This represents an important step toward the self-assembly of geometrically precise DNA or
RNA structures in vivo.

Please refer to Appendix 11.1.3 for more details.

5.0.6 DNA cages

Polyhedra self-assembled from DNA tripods and characterized with 3D DNA-PAINT

DNA self-assembly has produced diverse synthetic three-dimensional polyhedra. These struc-
tures typically have a molecular weight no greater than 5 megadaltons. We report a simple, gen-
eral strategy for one-step self-assembly of wireframe DNA polyhedra that are more massive than
most previous structures. A stiff three-arm-junction DNA origami tile motif with precisely con-
trolled angles and arm lengths was used for hierarchical assembly of polyhedra. We experimen-
tally constructed a tetrahedron (20 megadaltons), a triangular prism (30 megadaltons), a cube (40
megadaltons), a pentagonal prism (50 megadaltons), and a hexagonal prism (60 megadaltons) with
edge widths of 100 nanometers. The structures were visualized by means of transmission electron
microscopy and three-dimensional DNA-PAINT super-resolution fluorescent microscopy of single
molecules in solution.

Please refer to Appendix 11.3 for more details.

5.0.7 Assembly across scales: DNA-directed hydrogel assembly

DNA directed self-assembly of shape-controlled hydrogels

Using DNA as programmable, sequence specific “glues”, shape-controlled hydrogel units were
self-assembled into prescribed structures. Aggregates were produced using hydrogel cubes with
edge length ranging from 30 micrometers to 1 millimeter, demonstrating assembly across scales. In
a simple one-pot agitation reaction, 25 dimers were constructed in parallel from 50 distinct hydrogel
cube species, demonstrating highly multiplexed assembly. Using hydrogel cuboids displaying face-
specific DNA glues, diverse structures were achieved in aqueous and in interfacial agitation systems.
These include dimers, extended chains, and open network structures in an aqueous system; and
dimers, chains of fixed length, T-junction, and square shapes in the interfacial system, demonstrating
the versatility of the assembly system.



Please refer to Appendix 11.2 for more details.

5.1 Structural DNA nanotechnology application

5.1.1 Structural DNA nanotechnology application: Geometrically encoded fluorescent bar-
codes

Submicrometre intensity-encoded fluorescent barcodes self-assembled from DNA

The identification and differentiation of a large number of distinct molecular species with high
temporal and spatial resolution is a major challenge in biomedical science. Fluorescence microscopy
is a powerful tool, but its multiplexing ability is limited by the number of spectrally distinguishable
fluorophores. Here, we used (deoxy)ribonucleic acid (DNA)- origami technology to construct sub-
micrometre nanorods that act as fluorescent barcodes. We demonstrate that spatial control over the
positioning of fluorophores on the surface of a stiff DNA nanorod can produce 216 distinct barcodes
that can be decoded unambiguously using epifluorescence or total internal reflection fluorescence
microscopy. Barcodes with higher spatial information density were demonstrated via the construc-
tion of super-resolution barcodes with features spaced by 40 nm. One species of the barcodes was
used to tag yeast surface receptors, which suggests their potential applications as in situ imaging
probes for diverse biomolecular and cellular entities in their native environments.

Please refer to Appendix 11.5.1 for more details.

5.1.2  Structural DNA nanotechnology application: Metallized DNA as etching mask for graphene

Metallized DNA nanolithography for encoding and transferring spatial information for graphene
patterning

We report a general strategy for designing and synthesizing inorganic nanostructures with arbi-
trarily prescribed three-dimensional shapes. Computationally designed DNA strands self-assemble
into a stiff “nano-mold” that contains a user-specified three-dimensional cavity and encloses a nu-
cleating gold “seed”. Under mild conditions, this seed grows into a larger cast structure that fills and
thus replicates the cavity. We synthesized a variety of nanoparticles with three nanometer resolution:
three distinct silver cuboids with three independently tunable dimensions, silver and gold nanopar-
ticles with diverse cross sections, and composite structures with homo-/heterogeneous components.
The designer equilateral silver triangular and spherical nanoparticles exhibited plasmonic proper-
ties consistent with electromagnetism-based simulations. Our framework is generalizable to more
complex geometries and diverse inorganic materials, offering a range of applications in biosensing,
photonics, and nanoelectronics.

Please refer to Appendix 11.5.4 for more details.

5.1.3 Structural DNA nanotechnology application: Patterning inorganic oxides using DNA
templates

Nanoscale Growth and Patterning of Inorganic Oxides Using DNA Nanostructure Templates



We describe a method to form custom-shaped inorganic oxide nanostructures by using DNA
nanostructure templates. We show that a DNA nanostructure can modulate the rate of chemical
vapor deposition of Si02 and TiO2 with nanometer-scale spatial resolution. The resulting oxide
nanostructure inherits its shape from the DNA template. This method generates both positive-tone
and negative-tone patterns on a wide range of substrates and is compatible with conventional silicon
nanofabrication processes. Our result opens the door to the use of DNA nanostructures as general-
purpose templates for high-resolution nanofabrication.

Please refer to Appendix 11.5.4 for more details.

5.1.4 Structural DNA nanotechnology application: DNA Foundries for Shape-controlled in-
organic material synthesis

Casting Metal Structures within Programmable DNA Molds

We report a general strategy for designing and synthesizing inorganic nanostructures with arbi-
trarily prescribed three-dimensional shapes. Computationally designed DNA strands self-assemble
into a stiff “nano-mold” that contains a user-specified three-dimensional cavity and encloses a nu-
cleating gold “seed”. Under mild conditions, this seed grows into a larger cast structure that fills and
thus replicates the cavity. We synthesized a variety of nanoparticles with three nanometer resolution:
three distinct silver cuboids with three independently tunable dimensions, silver and gold nanopar-
ticles with diverse cross sections, and composite structures with homo-/heterogeneous components.
The designer equilateral silver triangular and spherical nanoparticles exhibited plasmonic proper-
ties consistent with electromagnetism-based simulations. Our framework is generalizable to more
complex geometries and diverse inorganic materials, offering a range of applications in biosensing,
photonics, and nanoelectronics.

Please refer to Appendix 11.5.4 for more details.

6 Major problems/issues (if any)

None.

7 Technology transfer

See "Patents".

8 Foreign collaborations and supported foreign nationals
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LETTER

doi:10.1038/nature£1075_

Complex shapes self-assembled from

single-stranded DNA tiles

Bryan Wei"?, Mingjie Dai*” & Peng Yin'?

Programmed self-assembly of strands of nucleic acid has proved
highly effective for creating a wide range of structures with desired
shapes'?. A particularly successful implementation is DNA
origami, in which a long scaffold strand is folded by hundreds of
short auxiliary strands into a complex shape®'*'61%21> Modular
strategies are in principle simpler and more versatile and have been
used to assemble DNA>>*10-131723 or RNA”** tiles into periodic®*”*
and algorithmic® two-dimensional lattices, extended ribbons'®'? and
tubes®*'>'?, three-dimensional crystals'’, polyhedra" and simple
finite two-dimensional shapes”®, But creating finite yet complex
shapes from a large number of uniquely addressable tiles remains
challenging. Here we solve this problem with the simplest tile form, a
‘single-stranded tile’ (SST) that consists of a 42-base strand of DNA
composed entirely of concatenated sticky ends and that binds to four
local neighbours during self-assembly'?. Although ribbons and tubes
with controlled circumferences'” have been created using the SST
approach, we extend it to assemble complex two-dimensional shapes
and tubes from hundreds (in some cases more than one thousand)
distinct tiles. Our main design feature is a self-assembled rectangle
that serves as a molecular canvas, with each of its constituent SST
strands—folded into a 3nm-by-7nm tile and attached to four
neighbouring tiles—acting as a pixel. A desired shape, drawn on
the canvas, is then produced by one-pot annealing of all those
strands that correspond to pixels covered by the target shape; the
remaining strands are excluded. We implement the strategy with a
master strand collection that corresponds to a 310-pixel canvas, and
then use appropriate strand subsets to construct 107 distinct and
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tile motif Strand diagram
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Figure 1 | Self-assembly of molecular shapes using single-stranded tiles,

a, The canonical SST motif, adapted from ref. 12. b, Design of an SST rectangle
structure. Left and middle: two different views of the same secondary structure
diagram. Each standard (full) tile has 42 bases (labelled U), and each top and
bottom boundary (half) tile has 21 bases (labelled L). Right: a simplified ‘brick-
wall’ diagram, Standard tiles are depicted as thick rectangles, boundary tiles are
depicted as thin rectangles and the unstructured single-stranded portions of the
boundary tiles are depicted as rounded corners. Each strand has a unique
sequence. Colours distinguish domains in the left panel and distinguish strands

complex two-dimensional shapes, thereby establishing SST assembly
as a simple, modular and robust framework for constructing
nanostructures with prescribed shapes from short synthetic DNA
strands.

Our 42-base SST motif'? consists of four domains (Fig. 1a), grouped
into two pairs (domains 1 and 2 and domains 3 and 4) that each
consists of 21 nucleotides in total. We design the intermolecular bind-
ing interactions of these domains such that a collection of distinct SST
tiles will arrange into a DNA lattice composed of parallel helices
connected by single-stranded linkages (Fig. 1b, left and middle), form-
ing a ‘brick-wall” pattern (Fig. 1b, right). The linkages between two
adjacent helices are expected to be the phosphates that connect
domains 2 and 3 of the SSTs, and are thus shown artificially stretched
in the diagrams. They are spaced two helical turns (that is, 21 base
pairs) apart and are all located in the same tangent plane between the
two helices. The rectangular lattice sketched in Fig. 1b contains six
parallel helices, each measuring about eight helical turns; we refer to
thisasa 6 helix X 8 helical turn (6H X 8T) rectangle. This basic strategy
can be adapted to design rectangles with different dimensions, and
arbitrary shapes approximated with an SST brick-wall pattern
(Fig. 1c). By concatenating pairs of half-tiles on its top and bottom
boundaries into full tiles, we can transform the rectangle in Fig. 1b into
a tube with a prescribed circumference and length (Fig. 1d).

A pre-designed rectangular SST lattice (Fig. 1e, top right) canalso be
viewed as a ‘molecular canvas’, where each SST servesasa3 nm X 7 nm
‘molecular pixel’. Designing a shape amounts to selecting its constitu-
ent pixels on the canvas, as illustrated by the two examples in Fig, le.

e Design of arbitrary shapes from a molecular canvas

Molecular canvas

diagram

Triangle

d Design of a tube

in the middle and right panels. ¢, Selecting an appropriate subset of SST species
from the common pool in b makes it possible to design a desired target shape,
for example a triangle (left) or a rectangular ring (right). d, Design of a tube with
prescribed width and length. e, Arbitrary shapes can be designed by selecting an
appropriate set of monomers from a pre-synthesized pool that corresponds to a
molecular canvas (top right). To make a shape, the SST strands corresponding
to its constituent pixels (dark blue) will be included in the strand mixture and
the remainder (light blue) will be excluded.
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These shapes, and more than 100 others, were designed and experi-
mentally constructed, demonstrating the self-assembly of complex
molecular shapes from modular components (Supplementary Fig. 1).

Following the design in Fig. 1b, we assembled a 24H X 28T rectangle
(Fig. 2a) from 362 distinct SST species (310 internal, standard full-
length SSTs, 24 full-length SST's on vertical boundaries whose exposed
single-stranded domains are replaced by poly(T) (multiple thymine
bases), and 28 half-length SSTs on horizontal boundaries). The rectangle,
which has a molecular weight comparable to a DNA origami structure
made with an M13 phage scaffold®, was made using unpurified DNA
strands that had their sequences designed to minimize sequence
symmetry’® (Methods) and were then mixed without careful adjust-
ment of stoichiometry. After single-step (one-pot) annealing that
involved cooling from 90 to 25°C over 17h in 25mM Mg** buffer
(see Supplementary Information, section 2.3, for the effects of buffer
ion strength and annealing time on the assembly yield), the solution
was subjected to 2% native agarose gel electrophoresis and produced
one dominant band (Fig. 2b, lane U). This band was extracted and
purified by centrifugation, with the purified product migrating as a
single band on the gel (Fig. 2b, lane P) and appearing in atomic force
microscopy (AFM) images with the expected rectangular morphology
(Fig. 2c) with approximately the expected dimensions (64 = 2nm
X 103 *+ 2 nm, N = 30). Successful streptavidin attachment at selected
internal and boundary positions, corresponding to tiles displaying
biotin-modified strands, further verified the formation of the full
rectangle and also demonstrated the unique addressability of the con-
stituent tiles (Supplementary Information, section 2.4).

Native gel electrophoresis of samples stained with SYBR Safe gave a
17% assembly yield (referred to as ‘gel yield’), calculated from the ratio
of the fluorescent intensity of the product band to that of the entire lane
(after background correction). We note that the structure- and
sequence-dependent variation in the staining efficiency of SYBR Safe
(Supplementary Fig. 3) suggests that this ratio is a bounded (<50%)
overestimate (Supplementary Information, section 2.2.1) and that the
actual yield is probably 12-17%. In the remainder of the paper, we
report the unadjusted yield measurement, which should be considered
as an approximate estimate (within 50% accuracy).

The fraction of purified product appearing as ‘well-formed’
rectangles (defined as those showing no defects more than 15nm in
diameter in the expected outline or more than 10 nm in diameter in the
interior) was determined as a percentage of all identifiable shapes in an
AFM field, giving an ‘AFM yield’ of 55% (N = 163; Supplementary Fig. 6).
This number is probably an underestimate of the actual fraction of
well-formed structures within the purified product owing to the
relative fragility of SST rectangles, which can result in significant
post-purification damage caused by sample deposition or imaging
(Supplementary Information, section 2.2.2). Such fragility may be
mitigated by introducing more covalent bonds into the assembled
structures, for example through either ligation”” of two ends of an
SST or crosslinking® of neighbouring SSTs.

Following the design strategy sketched in Fig. 1d, 24H X 28T
rectangles were transformed into 24H X 28T tubes with a gel yield of
14% (Fig. 2d, e). Transmission electronic microscopy (TEM) images of
the purified product revealed tube-like structures with approximately
the expected lengths 0f 98 = 2 nm and diameters of 24 *+ 1 nm (Fig. 2f),
and gave a TEM yield of 82% (N = 89). The TEM yield is the percentage
of identifiable tubes whose lengths are within 5 nm of the expected full
length of 98 nm, estimated by assuming a length of 3.5 nm (see below)
per helical turn.

The successful construction of seven different rectangles (Fig. 2g) and
five different tubes (Fig. 2i) with distinct dimensions and molecular
weights (Fig. 2h) illustrates the benefits of the modular nature of SST
assembly (see Supplementary Information, section 3, for design and
characterization details). These structures include a 12H X 177T tube
made of more than 1,000 distinct SST species, which represents a
60-fold increase in the number of distinct tile species contained in a finite
and uniquely addressable shape”®. These rectangle and tube series allow
us also to plot their measured lengths and widths against the designed
number of constituent helices and the number of helical turns within a
helix, which gives a linear relationship (Pearson correlation, R*>0.99)
with an average helix width and average helical turn length of 2.6 nm and
3.5 nm, respectively (Supplementary Information, section 3.5). High-
resolution AFM imaging of an assembled structure yielded a helical
width of 2.6 nm (Supplementary Fig. 38), consistent with the above value.

138

Figure 2 | Self-assembly of SST rectangles and tubes. a-c, 24H X 28T SST
rectangle. a, Schematic of rectangle formation. For a more detailed depiction,
see Supplementary Fig. 2. Supplementary Information, section 6, contains
strand diagrams for this and all other SST rectangles and tubes, and sections 7
and 8 contain sequences for all the structures constructed in this paper. b, 2%
native agarose gel electrophoresis. U, unpurified; P, purified (by gel extraction
from lane U). ¢, AFM image. Inset shows a magnified view of the outlined
structure. See Supplementary Fig. 2 for a larger AFM image. d-f, 24H X 28T
SST tube. d, Schematic of tube design. e, 2% native agarose gel electrophoresis.
f, TEM image. Inset shows a magnified view of the outlined structure. See
Supplementary Information, section 2.5, for a larger image. g-i, Rectangles and
tubes across scales. g, AFM images of SST rectangles. The designed dimensions
are 4H X 4T (R1), 6H X 7T (R2), 10H X 10T (R3), 12H X 14T (R4),

18H X 20T (R5), 24H X 28T (R6) and 36H X 41T (R7). h, Logarithmic
molecular weight. The pink asterisk indicates the weight of a typical M13 DNA

624 | NATURE | VOL 485 : 31 MAY 2012

origami’ as a reference point. nt, nucleotide. i, TEM images of SST tubes. The
designed dimensions are 8H X 28T (T1), 8H X 55T (T2), 8H X 84T (T3),
24H X 28T (T4) and 12H X 117T (T5). All scale bars, 100 nm. See
Supplementary Information, section 3.1, for the schematics of the rectangles
and tubes and for a depiction of the molecular weights of all 118 distinct
structures we constructed. See Supplementary Information, section 3.2, for the
number of distinct constituent SST species (ranging from 12 to 1,068), the
number of nucleotides (420 to 44,856), the measured widths (11 to 91 nm) and
lengths (16 to 621 nm), the measured gel yield (0.4% to 32%), and the measured
AFM yield (25% to 61%) of the 12 rectangles and tubes shown here, See
Supplementary Information, sections 3.3 (rectangles) and 3.4 (tubes), for gel
results, larger AFM and TEM images, and gel- and imaging-based yield
analyses. The formation of full-length 8H X 84T tubes and full-length

12H X 177T tubes was also confirmed by streptavidin labelling of the tube ends
(Supplementary Information, section 3.4.4).
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We next sought to construct arbitrary shapes using the idea of a
molecular canvas (Fig. 1e), with the 24H X 28T rectangle as the canvas
and its 310 internal SSTs as the molecular pixels. Attempts to assemble
a triangle by simply annealing the SST species that correspond to the
triangle pixels resulted in severe aggregation and no detectable product
band on an agarose gel (data not shown). The aggregation was
attributed to non-specific interactions between exposed single-
stranded domains of the SST on the hypotenuse boundary of the
triangles. Two designs were tested to eliminate aggregation: one in
which we replaced each exposed domain with a poly(T) segment of
the same length, and one in which we covered each with an ‘edge
protector’ that has a segment complementary to the exposed domain
followed by a 10- or 11-nucleotide poly(T) segment. Both designs
eliminated aggregation and produced the desired triangles with
comparable yields (Supplementary Information, section 4.2), and
can thus be used to construct a pool of SST strands and auxiliary
strands representing the full molecular canvas. We chose the edge
protector design because it involves a smaller (X4 instead of X15)
number of auxiliary species (Supplementary Fig. 43) and synthesized
1,344 edge protectors (each 21 nucleotides in length) supplementing
the existing 362 SST strands (Supplementary Information, section 4.2).
With this modification, a prescribed shape can be created by selecting
appropriate SST strands and the auxiliary strands that correspond to
the shape’s boundary. We used this method to construct the triangle
and the three other shapes shown in Fig. 3.

To explore the generality and robustness of the molecular canvas
method, we designed a total of 110 distinct shapes (including the
shapes described above) (Supplementary Information, section 4.3).
Of the targeted designs, 103 produced discernible product bands on
the gel and the expected shapes under AFM in the first assembly trial;
this corresponds to a 94% success rate. The seven failed designs were
challenging shapes resembling 0, 3, ~, @, a hollow H and two Chinese
characters (Supplementary Fig. 57). The first four (0, 3, ~, @) were
slightly redesigned to eliminate potential weak points (for example
narrow connections) and then assembled successfully. We did not
attempt to redesign the remaining three failed shapes, given their
geometrical complexity. Combining these assembly trials gives 107
successful designs out of a total of 114 (a 94% success rate), with gel
yields of targeted shapes ranging from 6% to 40%. Figure 4 shows AFM
images of 100 distinct shapes. See Supplementary Information,
sections 4.3 and 4.6, for schematics of the canvas design and AFM
images, and section 4.5 for detailed gel yields.

We wrote a computer program to automate picking and mixing
strands from a master library (Supplementary Fig. 58). This program
provides the user with a graphical interface to draw (or load a picture
of) a target shape, and then outputs instructions for a robotic liquid
handler to pick and mix the required strands for subsequent annealing,
Each robot batch produces 48 shapes in roughly 48 h, reducing several
man-hours of labour to one machine-hour per shape and also avoiding

Figure 3 | Simple shapes designed using a molecular canvas. Top,
schematics; bottom, 500 nm X 500 nm AFM images. The structures were
constructed using the edge protector strategy, with respective gel yields of 16%,
19%, 22% and 16% (left to right; Supplementary Information, section 4.5), and
AFM vyields of 37%, 37%, 51% and 36% (left to right; Supplementary
Information, section 4.7).
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Figure 4 | Complex shapes designed using a molecular canvas. AFM images
of 100 distinct shapes, including the 26 capital letters of the Latin alphabet,
10 Arabic numerals, 23 punctuation marks and other standard keyboard
symbols, 10 emoticons, 9 astrological symbols, 6 Chinese characters and
various miscellaneous symbols. Each image is 150 nm X 150 nm in size.

potential human mistakes. The robot was used to construct 44 of the
shapes described above.

Different shapes were assembled and purified separately and then
mixed together for efficient AFM imaging (for example, Supplemen-
tary Fig. 72 shows a mixture of the 26 letters of the Latin alphabet). The
shapes were all derived from the same canvas, but coexisted stably after
assembly: there was no sign of shapes merging or deforming each
other. The structures almost always appeared under the AFM with
the desired orientation, facing up towards the viewer (for example,
in Supplementary Fig. 84 this is true of 96% of the structures,
N=49). Such biased landing on the mica surface used for AFM
imaging is consistent with free SST structures in solution being rolled
up as a result of their intrinsic curvature'?, and unrolling and becoming
flattened when adsorbed onto the mica surface. This feature is useful
for controlling landing orientation, but the expected curvature and
accumulation of twist'®* in SST structures pose considerable
challenges to straightforward scaling up of SST assemblies to large
sizes. Flat SST structures free of curvature and twist could be con-
structed by shifting relative positions between linkage points'>'%, by
deleting bases'*' or by using a corrugated design®'*. Such modifica-
tions might in principle give access to larger structures and even
facilitate further scaling up using hierarchal assembly strategies'*?,
but may interfere with the standardized modular form of the present
SST motif.

DNA origami®!'*'¢#212* typically produces hybrid structures half
composed of biological components (the M13 scaffold) and half com-
posed of synthetic components with sequences derived from the bio-
logical part (the staple strands). By contrast, our SST structures are
made entirely of de novo designed and synthesized short DNA strands,
and we thus have greater sequence as well as material choice. For
example, we constructed a 24H X 28T rectangle (Supplementary
Information, section 5.1) from SST motifs with completely random
sequences (that is, no sequence symmetry requirement was imposed;
Methods) and a nuclease-resistant 4H X 4T rectangle (Supplementary
Fig. 87) made of L-DNA, the mirror image of natural b-DNA. In
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addition to L-DNA, SST's could also be made from other informational
polymers such as DNA with chemically modified backbones or
artificial bases, or RNA.

Like DNA origami®*¢1* 2%, the SST method works robustly with
unpurified strands without the need for careful adjustment of their
stoichiometry, and with sequences that are not optimally designed
(for example completely random sequences). But whereas the central
design feature of DNA origami is a long scaffold, which is considered to
give rise to this method’s success and robustness®?*, SST assembly uses
only short synthetic strands that enable it to emulate the programmable
modularity characteristic of DNA or RNA tiling” 710713172223 " Yet
unltike a multistranded tile? *7#10111317222 with a well-defined and
structurally rigid core, an SST monomer'? is a floppy DNA strand that
is composed entirely of concatenated sticky ends and only folds into a
rectangular shape because of its interaction with neighbouring SSTs
during assembly. That the SST method is nevertheless successful and
robust calls for a systematic investigation of the assembly mechanism
and kinetics. It is conceivable that sparse and slow nucleation followed
by fast growth allows complete assembly, with the required rate
separation between nucleation and growth arising from structural
reconfiguration or assembly-induced folding of SSTs that can increase
the configurational entropy penalty'? and thus raise the assembly
nucleation barrier.
DNA origami®'* 6822 folds a long scaffold strand with many short
staple strands into a prescribed shape without the strand getting tangled
up; our SST method shows that a large number of small monomers can
self-assemble into a desired structure that is not compromised by ill-
formed by-products. These features illustrate the complementarity of
the two approaches, which may represent the extremes of a rich spec-
trum of strategies for creating complex shapes and structures through
the cooperative self-assembly of diverse components. Thus, the SST
method'? and DNA origami®'*'%182!%% and approaches that use multi-
stranded DNA and RNA tiles” 741101317222 ogic gates™ and kinetic
hairpins™, suggest the presence of a vast design space that remains to be
explored for the creation of nucleic acid nanostructures, and more
generally for information-directed molecular self-assembly.

METHODS SUMMARY

DNA sequences were generated by minimizing sequence symmetry* (for most
structures) or by populating the SST motifs with completely random sequences
(for the structure in Supplementary Fig. 86). Without careful adjustment of
stoichiometry, unpurified strands were mixed manually or using a liquid-handling
robot and supplemented with 12.5 or 25 mM Mg?*. After one-pot annealing from
90 to 25 °C over x hours (17 = x = 58; for most structures, x = 17), the solution
was subjected to native agarose gel electrophoresis. The desired product band was
extracted, purified by centrifugation and imaged with AFM or TEM.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature,
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METHODS

DNA sequence design. DNA sequences were designed with the UNIQUIMER
software®' by minimizing the sequence symmetry** (for most of the structures) or
by populating the SST motifs with completely random sequences (for the random
sequence set in Supplementary Fig. 86). For design based on sequence minimiza-
tion, there are several criteria for sequence generation. (1) Nucleotides (that is, A,
C, G and T) are randomly generated one by one. (2) Nucleotides complementary
to those generated are matched following the base-pairing rule: A to T and vice
versa; C to G and vice versa. (3) No repeating segment beyond a certain length
(eight or nine nucleotides) is permitted. When such repeating segments emerge
during design, the most recently generated nucleotides will be mutated until the
repeating-segment requirement is satisfied. (4) No four consecutive A, C, Gor T
bases are allowed. (5) Pre-specified nucleotides at the single-stranded linkage
points (for example T and G as the twenty-first and twenty-second nucleotides,
respectively, for most of the strands) are used to avoid sliding bases around the
linkage points. In the design using completely random sequences (Supplementary
Fig. 86), restrictions (3) to (5) were not applied.

Manual design and/or optimization was used for the design of handle segment
sequences {for example the handle segment to accommodate a 3’ biotin strand for
streptavidin labelling and concatenation of poly(T) domains). Additionally, in
some cases segments from different SST structures were manually combined to
transform an existing structure into a new structure. For example, additional rows
of SSTs were introduced to convert a rectangle design into a tube design (for
example in converting the 24H X 28T rectangle design to the 24H X 28T tube
design, and converting the 24H X 28T rectangle design to the 8H X 84T tube
design). Similarly, we also manually converted a tube design into a rectangle design
(for example in converting the 12H X 177T tube into the 36H X 41T rectangle).
Sample preparation. DNA strands were synthesized by Integrated DNA
Technology, Inc. (http://www.idtdna.com) or the Bioneer Corporation (http://us.
bioneer.com). To assemble the structures, DNA strands were mixed to a roughly
equal molar final concentration of 100 nM per strand species for most of the
structures (except for different shapes based on the 24H X 28T rectangle, which
were prepared at 200 nM) in X0.5 TE buffer (5mM Tris, pH 7.9, 1 mM EDTA)
supplemented with 12.5 or 25 mM MgCl,. We note that the DNA concentrations
were based on the manufacturer’s specifications and that no additional in-house
calibration was performed. Thus, the stoichiometry for the strands was not tightly
controlled. The mixture was then annealed in a PCR thermal cycler by cooling
from 90 to 25 °C over a period of 17-58 h with different cooling programmes. The
annealed samples were then subjected to 1.5% or 2% agarose gel electrophoresis
(gel prepared in X0.5 TBE buffer supplemented with 10 mM MgCl, and pre-
stained with SYBR Safe) in an ice-water bath. Then the target gel bands were
excised and put into a Freeze "N Squeeze column (Bio-Rad). The gel pieces were
finely crushed using a microtube pestle in the column and the column was then
directly subjected to centrifugation at 438¢ for 3 min. Samples centrifuged through
the column were collected for concentration estimation by the measurement of
ultraviolet absorption at 260 nm. Such estimation is useful for estimating the
dilution factor before AFM or TEM imaging.

Streptavidin labelling. Streptavidin labelling was done in two different ways.

(1) Labelling the top and bottom rows or internal loci of the 24H X 28T
rectangle. Each tile of the top and bottom rows (or internal loci) of the
24H X 28T rectangle was modified to have a 3’ 17-nucleotide handle (TT as spacer
and GGAAGGGATGGAGGA to be complementary to the 3’ biotin-modified
strand whose sequence is TCCTCCATCCCTTCC-biotin). Special tiles of the
top and bottom rows (or internal loci), and the rest of the component tiles of
the rectangular lattice, were mixed with such handle-complementary 3’ biotin-
modified strands at X1 to X2 concentration in X0.5 TE buffer (25 mM MgCl,).
(When the concentration of special and common component tiles was 100 nM and
there were 14 different special tile species, a X1 concentration of the 3’ biotin-
modified strands was 100 X 14 = 1400 nM.) They were then annealed over 17h
and purified after agarose gel electrophoresis. The purified sample was then
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subjected to AFM imaging. After the first round of imaging, streptavidin (1 p! at
10mgml ™" in X0.5 TE buffer, 10 mM MgCl,) was added to the imaging sample
(~40 pl) for an incubation period of 2 min before re-imaging.

(2) Labelling the poly(T) ends of tube structures. After tube purification,
3’ biotin-modified poly(A) strands (X5 to X10 concentration relative to the
poly(T) counterparts) were mixed with the sample at room temperature
(~25 °C) overnight. The sample was then subjected to AFM imaging. After the
first round of imaging, streptavidin (1 ul at 10 mgml ™" in X0.5 TE buffer, 10 mM
MgCl,) was added to the imaging sample on mica for an incubation period of
2 min before re-imaging.
Robot automation for sample preparation. A custom MATLAB program was
designed to aid the design of complex shapes and to automate strand mixing usinga
liquid-handling robot (Bravo, Agilent). For each shape, 5 pil of each SST resuspended
in water at 10 uM was picked and mixed into a final volume of less than 2 ml (the
exact volume was determined by the number of constituent strands for the target
shape), and was then vacuum evaporated to 200 pil of 250 nM solution. This mixture
was then supplemented with 50 pl of 62.5mM Mg®* buffer to reach a 250-pl final
mixture ready for annealing. This pre-annealing solution had the following final
concentrations: 200 nM DNA strand per SST species and 12.5 mM Mg®*. Each run
accommodated 48 shapes and took around 2 d to finish.
AFM imaging. AFM images were obtained using a Multimode SPM with a Digital
Instruments Nanoscope V controller (Vecco). A 5-pl drop (2-5nM) of annealed
and purified sample and then a 40-pl drop of X 0.5 TE buffer (10 mM MgCl,) were
applied to a freshly cleaved mica surface and left for approximately 2 min.
Sometimes additional dilution of the sample was performed to achieve the desired
sample density. On a few occasions, supplementary 10 mM NiCl, was added to
increase the strength of DNA-mica binding®. Samples were imaged using the
liquid tapping mode. The AFM tips used were C-type triangular tips (resonant
frequency, f, = 40-75kHz; spring constant, k=024Nm') from the SNL-10
silicon nitride cantilever chip (Vecco Probes).
TEM imaging. For imaging, a 3.5-pl sample (1-5 nM) was adsorbed onto glow-
discharged carbon-coated TEM grids for 4 min and then stained for 1 min usinga
2% aqueous uranyl formate solution containing 25mM NaOH. Imaging was
performed using a JEOL JEM-1400 operated at 80kV.
Yield quantification with SYBR Safe. Yield was first estimated by analysis using
native agarose gel electrophoresis. The ratio between the fluorescence intensity of
the target band and that of the entire lane was adopted to represent the gross yield
of structural formation. For the 24H X 28T rectangle, as an independent, alterna-
tive quantification procedure the intensity of the target band was compared with a
standard sample (1,500-base-pair band from a 1-kb DNA ladder mixture). The
mass value of the target band was deduced from the intensity-mass curve based on
the standard sample, and was used to calculate the yield of the desired structure.
See Supplementary Information, section 2.2.1, for more details.
Measurement and statistics. AFM measurements were obtained using
NANOSCOPE ANALYSIS (version 1.20; Vecco). The ‘cross-section’ function
was used to measure distances (lengths and widths of the rectangles of different
sizes). ‘Well-formed’ structures were chosen for the measurements. TEM images
of the tubes were analysed using IMAGE] (version 1.43u; NIH). The ‘straight line’
function was used to measure tube width. The ‘segmented line’ function was used
to highlight and measure tube contour length. Thirty sample points were collected
for each distance measurement (for example that of the width of a 24H X 28T
rectangle) and the statistics (for example the mean and the standard deviation)
were based on the 30 data points. See Supplementary Information, section 3.5, for
measurement details.

31.  Wei, B, Wang, Z. & Mi, Y. Uniquimer: software of de novo DNA sequence
generation for DNA self-assembly: an introduction and the related applications
in DNA self-assembly. J. Comput. Theor. Nanosci. 4, 133-141 (2007).

32, Hansma, H.G. & Laney, D. E. DNA binding to mica correlates with cationic radius:
assay by atomic force microscopy. Biophys. J. 70, 1933-1939 (1996).
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Three-Dimensional Structures
Self-Assembled from DNA Bricks

Yonggang Ke,»*? Luvena L. Ong,"* William M. Shih,>*? Peng Yin%>*

We describe a simple and robust method to construct complex three-dimensional (3D) structures by
using short synthetic DNA strands that we call “DNA bricks.” In one-step annealing reactions, bricks
with hundreds of distinct sequences self-assemble into prescribed 3D shapes. Each 32-nucteotide
brick is a modular component; it binds to four local neighbors and can be removed or added
independently. Each 8—base pair interaction between bricks defines a voxel with dimensions of
2.5 by 2.5 by 2.7 nanometers, and a master brick collection defines a “molecular canvas” with
dimensions of 10 by 10 by 10 voxels. By selecting subsets of bricks from this canvas, we
constructed a panel of 102 distinct shapes exhibiting sophisticated surface features, as well as

intricate interior cavities and tunnels.

RNA) provides a powerful approach for
constructing sophisticated synthetic mo-
lecular structures and devices (/—37). Structures
have been designed by encoding sequence com-
plementarity in DNA strands in such a manner
that by pairing up complementary segments,
the strands self-organize into a prescribed tar-
get structure under appropriate physical condi-
tions (/). From this basic principle, researchers
have created diverse synthetic nucleic acid struc-
tures (27-30) such as lattices (4, 6, 8—10, 25),
ribbons (/5), tubes (6, 15, 25, 26), finite two-
dimensional (2D) and 3D objects with defined
shapes (2, 9-11, 13, 16-19, 22, 23, 26), and
macroscopic crystals (20). In addition to static
structures, various dynamic systems have been
constructed (37), including switches (5), walkers
(7, 14, 21), circuits (12, 14, 24), and triggered as-
sembly systems (/4). Additionally, because DNA
and RNA can be interfaced with other functional
molecules in a technologically relevant fashion,
synthetic nucleic acid structures promise diverse
applications; researchers are using nucleic acid
structures and devices to direct spatial arrange-
ment of functional molecules (6, 25, 32-34),
facilitate protein structure determination (35),
develop bioimaging probes (33, 34), study single-
molecule biophysics (36), and modulate bio-
synthetic and cell-signaling pathways (25, 37).
An effective method for assembling megadalton
nanoscale 2D (/7) and 3D shapes (/16-19, 23) is

S elf-assembly of nucleic acids (DNA and

Wyss Institute for Biologically Inspired Engineering, Harvard
University, Boston, MA 02115, USA. “Department of Cancer
Biology, Dana-Farber Cancer Institute, Harvard Medical School,
Harvard University, Boston, MA 02115, USA. Department of
Biological Chemistry and Molecutar Pharmacology, Harvard
Medical School, Harvard University, Boston, MA 02115, USA.
“Harvard-Massachusetts Institute of Technology (MIT) Divi-
sion of Health Sciences and Technology, MIT, Cambridge, MA
02139, USA. *Department of Systems Biology, Harvard Med-
ical School, Harvard University, Boston, MA 02115, USA.

*To whom correspondence should be addressed. E-mail:
py@hms.harvard.edu

DNA origami (29), in which a long “scaffold”
strand (often a viral genomic DNA) is folded to
a predesigned shape via interactions with hun-
dreds of short “staple” strands. However, each
distinct shape typically requires a new scaffold
routing design and the synthesis of a different
set of staple strands. In contrast, construction from
standardized small components (such as DNA
tiles) that each can be included, excluded, or re-
placed without altering the rest of the structure—
modular assembly—offers a simpler approach
to constructing shapes. In addition, if all compo-
nents are short strands that can be chemically
synthesized, the resulting structures would have
greater chemical diversity than DNA origami,
which typically contains half biological material
(the scaffold) in mass and half synthetic material
(the staples). A variety of structures have been as-
sembled by using DNA (3, 4, 6, 8, 10, 13, 15, 20)
and RNA (9, 22, 25) tiles, including periodic
(4, 6, 25) and algorithmic (8) 2D lattices, extended
ribbons (/5) and tubes (6, 15, 25), 3D crystals (20),
polyhedra (13, 22), and finite 2D shapes (9, /0).
However, modular self-assembly of finite-sized,
discrete DNA structures has generally lacked the
complexity that DNA origami can offer.

Only recently have researchers demonstrated
finite complex 2D shapes (26) self-assembled
from hundreds of distinct single-stranded tiles
(SSTs) (15). Unlike a traditional multistranded tile
(3,4, 6,8-10, 13, 20, 25), which is a well-folded,
compact structure displaying several sticky ends,
an SST is a floppy single-strand DNA composed
entirely of concatenated sticky ends. In one-pot
reactions, hundreds of SSTs self-assemble into
desired target structures mediated by inter-tile
binding interactions; no scaffold strand is re-
quired. The simplicity and modularity of this
approach allowed the authors to build more than
100 distinct shapes by selecting subsets of tiles
from a common 2D “molecular canvas,” This
latest success has challenged previous thinking
that modular components, such as DNA tiles,
are not suitable for assembling complex, singu-
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larly addressable shapes (38). This presumption
was largely based on a supposed technically
challenging requirement for perfect strand stoi-
chiometry (the relative ratio of the strands). De-
viations from equality were expected to result
in predominating partial structure formation (38).
The surprising success of SST assembly may
have bypassed this challenge via putative slow
and sparse nucleation followed by fast growth
(26), so that a large number of particles com-
plete their formation well before depletion of the
component strand pool.

Here, we generalize the concept of single-
stranded “tiles” to “bricks” and thus extend our
modular-assembly method from 2D to 3D. A
canonical DNA brick is a 32-nucleotide (nt) sin-
gle strand with four 8-nt binding domains (sticky
ends). In simple one-step annealing reactions, pre-
scribed target 3D structures self-assemble robust-
ly from hundreds of unpurified brick strands that
are mixed together with no tight control of stoi-
chiometry. The modularity of our method en-
abled the construction of 102 distinct structures
by simply selecting subsets of bricks from a com-
mon 3D cuboid molecular canvas consisting of
1000 voxels (fig. S1) (39); each voxel fits § base
pairs (bp) and measures approximately 2.5 by 2.5
by 2.7 nm. These structures include solid shapes,
with sophisticated geometries and surface pat-
terns and hollow shapes, with intricate tunnels and
enclosed cavities. Additionally, we have constructed
structures with alternative packing geometries or
using noncanonical brick motifs, demonstrating
the method’s versatility. The work here thus estab-
lishes DNA bricks as a simple, robust, modular,
and versatile framework for constructing complex
3D nanostructures by using only short synthetic
DNA strands. More generally, it demonstrates
how complex 3D molecular structures can be as-
sembled from small, modular components medi-
ated strictly by local binding interactions.

Design of DNA-Brick Structures
and a 3D Molecular Canvas

In our design, a DNA brick is a 32-nt strand that
we conceptualize as four consecutive 8-nt do-
mains (Fig. 1A). Each DNA brick bears a dis-
tinct nucleotide sequence. All DNA bricks adopt
an identical shape when incorporated into the tar-
get structure: two 16-nt antiparallel helices joined
by a single phosphate linkage. The two domains
adjacent to the linkage are designated as “head”
domains, and the other two are designated as “1ail”
domains. A DNA brick with a tail domain bear-
ing sequence “a” can interact productively with a
neighboring brick with a complementary “a*®” head
domain in a stereospecific fashion. Each pairing
between bricks defines three parallel helices packed
to produce a 90° dihedral angle (Fig. 1B, top); this
angle derives from the approximate 3/4 right-
handed helical twist of 8 bp of DNA.

We introduce a LEGO-like model to depict the
design in a simple manner (Fig. 1B, botiom). The
model intentionally overlooks the detailed helical
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structure and strand polarity but preserves the as-
pect ratios and some of the orientational con-
straints on interactions between DNA bricks: The
two protruding round plugs, pointing in the same
direction as the helical axes, represent the two tail
domains; the two connected cubes with recessed
round holes represent the two head domains. A brick
must adopt one of two classes of orientation, hori-
zonta] or vertical (Fig. 1B). The two bricks connect
to form a 90° angle via hybridization, represented
as the insertion of a plug into a hole. An insertion is
only allowed between a plug and a hole that carry
complementary sequences with matching polar-
ity (which is not graphically depicted in the cur-
rent model for expositional simplicity). In fig. S2,
we present a more detailed LEGO-like model that
explicitly tracks the polarity of the DNA bricks
and their stereospecific interaction pattern,
Structural periodicities of the design are il-
lustrated in a 6H (helix) by 6H (helix) by 48B
(bp) cuboid structure (Fig. 1, C and D). Bricks

A Single-stranded DNA B
building brick

Strand

—c .
Domain 2} Domain 1 model

WaVs

LEGO-
Qhﬁ like

Domain 3| Domain4  Model

F

a0 cervas
=B bp

4

can be grouped into 8-bp layers that contain their
head domains. Bricks follow a 90° counterclock-
wise rotation along successive 8-bp layers, re-
sulting in a repeating unit with consistent brick
orientation and arrangement every four layers.
For example, the first and fifth 8-bp layers in
Fig. 1D share the same arrangement of bricks.
Within an 8-bp layer, all bricks share the same
orientation and form a staggered arrangement
to tile the layer. On the boundary of each layer,
some DNA bricks are bisected to half-bricks,
representing a single helix with two domains.
The cuboid is self-assembled from DNA bricks
in a one-step reaction. Each brick carries a par-
ticular sequence that directs it to fit only to its
predesigned position. Because of its modular
architecture, a predesigned DNA brick structure
can be used for construction of smaller custom
shapes assembled from subsets of DNA bricks
(Fig. 1E). Detailed strand diagrams for the DNA
brick structures are provided in figs. S3 and S4.

3D molecular canvas. The LEGO-like model
can be further abstracted to a 3D model that con-
tains only positional information of each 8-bp
duplex. A 10H by 10H by 80B cuboid is concep-
tualized as a 3D molecular canvas that contains
10 by 10 by 10 voxels. Each voxel fits an 8-bp
duplex and measures 2.5 by 2.5 by 2.7 nm (Fig.
1F). Based on the 3D canvas, a computer program
first generates a full set of DNA bricks, including
full-bricks and half-bricks that can be used to build
a prescribed custom shape. Using 3D modeling
software, a designer then needs only to define the
target shapes by removing unwanted voxels from
the 3D canvas—a process resembling 3D sculpt-
ing. Subsequently, the computer program analyzes
the shape and automatically selects the correct
subset of bricks for self-assembly of the shape.

Self-Assembly of DNA-Brick Cuboid Structures

Using the above design strategy, we constructed
a wide range of DNA brick structures (39). We

Fig. 1. Design of DNA brick structures analogous to structures built of LEGO®
bricks. (A) A 32-nt four-domain single-stranded DNA brick. Each domain is
8 ntin length. The connected domains 2 and 3 are “head” domains; domains
1 and 4 are “tail” domains. (B) Each two-brick assembly forms a 90° dihedral
angle via hybridization of two complementary 8-nt domains “a” and “a*”. (C)
A molecular model that shows the helical structure of a 6H by 6H by 48B
cuboid 3D DNA structure. Each strand has a particular sequence, as indicated

by a distinct color. The inset shows a pair of bricks. (D) A LEGO-like model of

30 NOVEMBER 2012 VOL 338

the 6H by 6H by 48B cuboid. Each brick has a particular sequence. The color
use is consistent with (B). Half bricks are present on the boundary of each
layer. (E) The 6H by 6H by 48B cuboid is self-assembled from DNA bricks. The
bricks are not interchangeable during self-assembly because of the distinct
sequence of each brick. Using the 6H by 6H by 48B as a 3D molecular canvas,
a smaller shape can be designed by using a subset of the bricks. (F) 3D shapes
designed from a 10 by 10 by 10—voxel 3D canvas; each voxel fits 8 bp (2.5 hm
by 2.5 nm by 2.7 nm).
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first constnucted 3D cuboid structures of a variety
of sizes and aspect ratios (Fig. 2).

Random sequence design. The sequences of
DNA bricks were designed by random assign-
ments of base pairs (A-T, C-G) to 3D structures.
We first tested two versions of a 6H by 6H by 64B
cuboid, with either random sequences or special-
ly designed sequences (designed by smoothing
binding energy, minimizing undesired second-
ary structure, and reducing sequence symmetry)
and observed comparable self-assembly yields
(fig. S5). We also tested three sets of random se-
quences using a 4H by 12H by 120B cuboid and
again observed similar assembly yields (figs. S6
and S7; more discussion on domain similarity
of random sequence design is provided in fig.
S8). Thus, random sequences were applied to all
subsequent designs.

Protector bricks. Including unpaired single
strands at the ends of DNA duplexes has proven
to be effective for mitigating unwanted aggre-
gation that results from blunt-end stacking (/7).
An 8-nt single-stranded domain protruded out
from every 5’ or 3’ end of all DNA duplexes in
our 3D structure designs (Fig. 1C). The sequences
of these 8-nt domains were replaced with eight
continuous thymidines to further prevent unde-
sired nonspecific binding interactions between
exposed single-stranded domains. DNA bricks
with modified head or tail poly-T domains are
named “head protectors” or “tail protectors,”
respectively.

Boundary bricks. A 16-nt half brick could be
merged with a preceding 32-nt full brick along
the direction of its helix to forn a 48-nt strand
(figs. S9 to S11). We observed a 1.4-fold improve-
ment in assembly yield for a 6H by 6H by 64B
cubmd when this 48-nt boundary-strand design
was implemented, possibly reflecting accelerated
nucleation of target structure formation. Hence,

this merge strategy was applied to all of our 3D
structures.

Assembly and characterization of 6H by 10H
by 128B cuboid. For a detailed characteri-
zation study, we constructed a 6H by 10H by
128B cuboid (Fig. 2A). It consists of 459 strands
(7680 bp, with a molecular weight comparable
with that of an M13-based DNA origami; design
details are provided in figs. S12 and S13). Un-
purified DNA strands were mixed together at
nominally equal ratios without careful adjust-
ment of stoichiometry (39). To determine the
optimal assembly conditions, we tested two an-
nealing ramps (24-hour annealing and 72-hour
annealing), two strand concentrations (100 and
200 nM per strand), and eight MgCl, concen-
trations (10, 20, 30, 40, 50, 60, 70, and 80 mM).
Equal amounts of each sample (2 pmol per strand)
were then subjected to EtBr-stained 2% agarose
gel electrophoresis (fig. S14). The best gel yield
(~4% as calculated by yield = measured mass
of product/mass of all strands) was achieved at
the following conditions: 200 nM per strand,
72-hour annealing, 40 mM MgCl, (fig. S15). The
above gel yield reflects only an approximate esti-
mate for the incorporation ratio of the monomer
strands (26).

For comparison, 4 to 14% gel yield was re-
ported for 3D DNA origami with similar size and
aspect ratios [such as the 10H by 6H by 98B and
other origami cuboids in (40)]. The origami gel
yield was estimated as yield = (scaffold strands
incorporated into product/total scaffold strands);
the loss of excessive staple strands (normally 5-
to 10-fold more than the scaffold strand) was not
taken into account. For DNA bricks, the optimal
40 mM MgCl, was higher than the optimal
MgCl, concentration for 3D origami folding,
which typically is below 30 mM (78). Column-
purified DNA bricks product (~50% recovery
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efficiency) (Fig. 2B) migrated as a single band
on agarosc gel and appeared under transmis-
sion electron microscopy (TEM) with expected
morphology (Fig. 2C) and measured dimen-
sions of 0.34 nm (+ 0.01 nm SD) per base pair
and 2.5 nm (£ 0.2 nm SD) per helix width. For
the gel-purified product, “the percentage of in-
tact structures” was estimated at 55% by counting
the ratio of intact particles over all the parti-
cles in TEM images (fig. S16). This percent-
age of intact structures is comparable with the
previously reported percentages of 3D square-
lattice DNA origami (27% for a 6H by 12H by
80B cuboid, 59% for an 8H by 8H by 96B cu-
boid) (41).

Special designs can be applied to increase the
assembly yield of the 6H by 10H by 128B cuboid.
“Head protectors™ and “tail protectors™ appeared
especially unstable because half of their 8-nt do-
mains are unpaired. By merging “head protec-
tors” of the 6H by 10H by 128B cuboid with their
neighboring strands (figs. S17 and S18), a mod-
ified version 6H by 10H by 128B-M cuboid was
obtained and showed 190% improvement in gel
assembly yield and 17% improvement in the
percentage of intact structures under TEM over
the standard 6H by 10H by 128B cuboid (fig.
S19). Thus, 3D structures can be further stabi-
lized by using special design rules, such as this
merging strategy. However, this modification
requires deletions of crossovers between helices,
which may potentially create global or local de-
formations, and was not used for constructions
in the remainder of the paper.

Structures of different sizes. Eighteen distinct
cuboid structures that contain 9, 16, 36, 60, 96,
and 144 helices were designed, annealed using
the optimal conditions previously identified for
the 6H by 10H by 128B cuboid self-assembly, and
characterized through gel and TEM (Fig. 2D and
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Fig. 2. Cuboid structures self-assembled from DNA bricks. (A) DNA bricks self-
assembled into a 6H by 10H by 128B cuboid in a one-step thermal anneating
process. (B) Agarose gel electrophoresis showing 50% purification recovery
efficiency of the 6H by 10H by 128B cuboid. Lane M contains the 1-kb ladder.
Lanes 1 and 2 contain unpurified and purified 6H by 10H by 1288 cuboid
structures, respectively. The red arrow points to the cuboid product band. (C)
TEM images of gel-purified 6H by 10H by 128B cuboid. Zoomed-in images
(bottom) and corresponding computer-generated graphics (middle) show three
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different projection views. (D) Designs and TEM images of 18 cuboids of a
variety of dimensions. Horizontal axis is labeled with the cross-section dimen-
sions of the cuboids; vertical axis is labeled with the lengths of the constituent
helices. The lengths are 48B (shape 18), 64B (shapes 1, 6, 10, 13, and 15),
120B (shapes 16 and 17), 128B (shapes 2, 7, 11, and 14), 256B (shapes 3, 8,
and 12), 512B (shapes 4 and 9), and 1024B (shape 5). Each 3D cylinder
model is drawn proportionally to the relative dimensions of the cuboid; cor-
responding TEM images are shown to the right or above each model.
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fig. S20). Additional TEM images are shown
in figs. S21 to S27. Measured dimensions of
intact particles for each structure agree with the
designs (fig. S28). Gel yields varied from <I to
~80% (figs. S20C and S28). For structures with
the same number of helices, smaller cuboids
exhibited higher assembly yields. The highest
yield (80%) was observed for the smallest ob-
ject, the 3H by 3H by 64B cuboid; the lowest
yields (<1%) were observed for the 8H by 12H
by 120B, 4H by 24H by 120B, and 12H by 12H
by 48B cuboids. The biggest DNA objects con-
structed in this paper are an 8H by 12H by 120B

B Shaps

cuboid (formed by 728 strands) and a 4H by 24H
by 120B cuboid (formed by 710 strands), which
are identical in molecular weight (24,576 nt,
8 MD, and 60% more massive than an M13-
based DNA origami). Increasing the concentra-
tion for the brick strands helped to increase the
yield for a small cuboid, 4H by 4H by 128B
(fig. S29). In some cases, higher molecular weight
bands can be detected above the product band;
these bands are likely multimers caused by non-
specific interactions between assembled products.
For example, for the 6H by 10H by 64B struc-
ture, TEM revealed that an upper band con-

c Voxel list

Automated pipstte D I

tained dimers of the cuboids (fig. S30). Cuboids
with 32-bp (32B) helices were also tested but
failed to assemble (fig. S20). This is likely due
to the fact that these cuboids contained only
one crossover between each pair of neighboring
helices and hence were less stable.

Complex Shapes Made from a 10 by 10

by 10-Voxel 3D Canvas

Using the 10 by 10 by 10~voxel 3D canvas (Figs.
1F and 3A and fig. S31), we next constructed
102 distinct shapes (Fig. 3), demonstrating the
modularity of the DNA brick strategy.

Shape 1: voxel(1,1,1}, voxel(2,1,3), ...
Shape 2: voxel(4,5,4), voxel(10,1,5), ...
Shape 3: voxel(1,1,1), voxel(9,10,8), ...

Strand list
Shape 1: strand 1, strand 2, strand 3, ...
Shape 2: strand 3, strand 4, strand 5, ... *
ol Shape 3: strand 1, strand 5, strand 6, ...
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Fig. 3. Shapes made froma 3D molecular canvas. (A) A 10 by 10 by 10—voxel
3D canvas. z axis is the helical axis. Each voxel (8 bp) measures 2.5 by 2.5 by
2.7 nm. (B) Shapes are designed by editing voxels by using 3D modeling
software. (C) A computer program recognizes the voxel composition of each
shape and generates a list of strands to form this shape. The list then is used
to direct an automated liquid-handling robot to mix the strands. (D) After
annealing, the shapes are characterized by means of agarose gel electro-
phoresis and TEM imaging. Lane M contains the 1-kb ladder. The product band is
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indicated by the red arrow. (E) Computer-generated models and TEM images of
shapes. The top row for each shape depicts a 3D model, followed by a computer-
generated projection view, an image averaged from six different particles
visualized by using TEM, and a representative raw TEM image. More raw images
are shown in figs. 538 to S54. In a number of cases, multiple projections are
presented. Some shapes with cavities or tunnels are depicted with additional
transparent 3D views that highlight the deleted voxels (colored dark gray). For
example, the top right model of shape 32 shows the enclosed cuboid cavity.
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DNA bricks and derivatives. Any brick in the
3D canvas can become either a boundary half
brick (exposed at the edges of a layer and bi-
sected) (Fig. 1D), a protector brick (located in the
first or last layer along z axis), or even both at same
time, in a custom shape design. Thus, modified
versions of each brick were generated with all com-
binations of domain-deletion (bisect to a half-brick),
polythymidine-sequence-substitution (change to
protector bricks), and boundary-brick-merger (change
to 48-nt boundary bricks) to accommodate the pos-
sibilities (two types of strands with low occurring
frequency and four types of strands with only one
binding domain were excluded in our implementa-
tion}) (fig. S32). Overall, a master collection of 4455
strands (with a total of 138,240 nt) were generated
by a computer program to guarantee that a designed
shape could be assembled with head/tail protector
bricks and 48-nt boundary bricks. Custom shapes
were assembled via selecting subsets of the master
collection without synthesizing new strands.

Automated design process. By rendering the
3D canvas using 3D modeling software, we can
edit voxels and visualize a shape using a graph-
ical user interface (Fig. 3B). Then, the voxel
information of multiple shapes is interpreted by a
custom program to generate a list of strands in-
volved in the formation of each shape. This list
is subsequently processed to direct an automated
liquid-handling robot to select DNA strands from
source plates and pipette them to the wells of a
product plate, mixing strands for many shapes
in a high-throughput manner (Fig. 3C). The strands
will be subsequently annealed in separate test
tubes to produce the desired structures (Fig. 3D).
The complete design workflow is shown in figs.
S33 and S34. To use existing computational tools
previously developed by other researchers, we
can also convert shapes to caDNAno files (40).
Each shape’s conformation then can be simulated
using CanDo (42), a software tool for comput-
ing 3D structures of DNA origami (fig. S35).

Using the 3D canvas and following the auto-
mated design process, we successfully constructed
102 distinct shapes (gels in figs. S36 and S37,
TEM images of shapes 1 to 100 in Fig. 3E; and
raw TEM images for all the shapes in figs. S38
to S54).

Shapes 1 to 17. The basic design constraints
were studied by using a group of shapes contain-
ing two 4H by 10H by 80B blocks connected
by a middle “connecting block™ (shapes 2 to 17).
The connecting blocks were two-voxel wide along
x axis and systematically designed to possess de-
creasing numbers of voxels along y axis (shapes
210 9) or z axis (shapes 10 to 17). Eliminating
voxels along the x axis should have the same
effect as eliminating voxels along the y axis be-
cause of the shape symmetry. Agarose gel elec-
trophoresis revealed that in both systems, as the
connector became overly thin, the gel yields
for the intact structures decreased, and partial
structures (putative unconnected 4H by 10H by
80B blocks) became more prominent (for ex-
ample, in lanes for shapes 8, 9, and 15 to 17 in

fig. 836). However, reducing the number of
voxels along the z axis appeared to decrease the
yield more significantly than along the y axis.
Shape 9, which contained only a 2-voxel con-
nection along the y axis, gave 6% gel yield. In
contrast, the yield for shape 17 (2-voxel along
the z axis) dropped to 1%. Overall, these obser-
vations suggest safe design criteria of at least
two continuous voxels along the x axis or y axis
(2 helices) and three z axis voxels (24 bp) for
stable features. However, as demonstrated in fol-
lowing experiments, smaller features (for exam-
ple, two z axis voxels, shapes 33 to 37; one x axis
or y axis voxel, shapes 64 to 74) can still stably
exist in certain shapes in which these features are
presumably reinforced by other voxels in close
proximity.

Solid shapes 18 to 31. A number of solid shapes
were designed including z direction extrusions
of simple geometric shapes (shapes 18 to 23) and
more intricate objects (shapes 24 to 31; also, shape
102 in fig. S54). Gel yields and TEM images of
these objects provided more knowledge of the
design space of our methodology. For example,
shapes 26 and 27, which both contained 3-helix-
thick appendages anchored only on one edge,
were occasionally found without these protrusions
or with them but containing defects. Thus, such
thin features, although obeying our design criteria,
appeared to be less stable than were the better-
supported or thicker features,

Closed-cavity shapes 32 to 42. Previously, a
few examples of 3D DNA origami with closed
cavities were demonstrated, including a box (/6),
a tetrahedron (17), a sphere, and an ellipsoid (23).
We created a series of “empty boxes” with differ-
ent sizes of cuboid cavities (shapes 32 to 37) as
well as more intricate cavity shapes (such as a
square ring, cross, and triangle; shapes 38 to 42).

Open-cavity shapes 43 1o 62. We constructed
shapes with a single open cavity (tunnel) of vary-
ing width, depth, and geometry (shapes 43 to 53)
and multiple-parallel cavities (shapes 54 to 56).
Shapes with noncrossing perpendicular tunnels
(shape 57), tuming and branching tunnels (shape
58), and crossing tunnels (shapes 59, 60; also,
shape 101 in fig. S54) were also demonstrated.
Furthermore, we constructed tunnel-containing cu-
boids with modified outer surfaces in order to create
varying external views from different angles, as
demonstrated by shapes 60 to 62.

Features-on-solid-base shapes 63 to 100. So-
phisticated features were designed on a solid
base, including a full set of 10 Arabic numerals
(shapes 65 to 74) and 26 lowercase letters for
the English alphabet (shapes 75 to 100). Two
concentric ring structures (shapes 63 and 64)
and the numerals (shapes 65 to 74) contained
features as thin as one voxel (2.5 nm), suggest-
ing that the design criteria (for example, thin
structures tend to fail) are contingent on the
surrounding environment of a particular feature.
These shapes also highlight the capacity of creat-
ing extruded features that would otherwise be
unattainable via 2D assembly (26).

RESEARCH ARTICLES I

For most shapes, assembly yields were be-
tween a few percent and 30% [figs. S36 and S37;
in comparison, yields of five 3D DNA origami
structures were reported as 7 to 44% (/8)]. Only
five shapes had assembly yields higher than 30%;
three shapes had assembly yields lower than 1%.

In spite of our success in making a variety
of intricate 3D shapes, some shapes exhibited
undesired properties. For example, shapes 60 to
62 only showed <1% of intact particles in TEM
images; some fine features of a shape (such as
the two wings of shape 27) could be damaged
or even completely missing if the shape was ex-
tracted from an agarose gel band. We also ob-
served four failed designs that did not produce
clear product bands on agarose gels (fig. S55A).
Two features-on-solid-base designs showed strong
bands on agarose gels (fig. S55B), and were of
the expected size in TEM images. However, their
features were not clearly resolved under TEM,
suggesting that the shapes may have formed, but
the features were too subtle 1o be visualized.

Generality of DNA Brick Self-Assembly

To explore the generality of the DNA brick
assembly framework, we constructed struc-
tures with brick motifs other than the 32-nt ca-
nonical brick motif. These structures include
those with alternative lattice geometries that have
been previously demonstrated by DNA origami
(11, 18, 43).

Single-layer (2D) structures. Conceptually, a
single-layer structure can be constructed by “ex-
traction” of a layer from a 3D brick structure
[Fig. 4A and fig. S56, comparison with a 2D
single-stranded tile rectangle design (26)]. A
30H by 1H by 126B rectangle was intention-
ally modified to be 10.5 bp per turn instead of
10.67 bp per turn (for 3D design) in order to
get a relatively flat structure (fig. S57). Gel yield
was estimated to be 18% (fig, S58), which is com-
parable with 2D single-stranded tile structures
(26). TEM (Fig. 4B) and atomic force micros-
copy (AFM) (Fig. 4C) revealed expected rectan-
gle structures. On the basis of AFM images, the
dimensions were measured as 0.31 nm (+ 0.01 nm
SD) per base pair and 2.6 nm (+ 0.3 nm SD) per
helix width.

3D honeycomb-lattice structures. We then
created 10.8-bp per turn (33.3° twist per base
pair) honeycomb-lattice (HC) and hexagonal-
lattice (HL) DNA structures. Four types of four-
domain DNA strands were designed for HC
structures (Fig. 4, D and E). A 6H by 6H by 84B-
HC structure was successfully constructed and
characterized (Fig. 4F and fig. S59). Particles
in TEM images were measured to be 13 nm
(* 0.9 nm SD) by 22 nm (+ 1.0 nm SD) by 29 nm
(£ 1.2 nm SD). Assembly yield was estimated to
be 30% (fig. S60).

3D hexagonal-lattice DNA structures. Two
types of strands are used to build a HL struc-
ture: a linear strand with multiple 9-nt domains
and an 18-nt strand with two 9-nt domains that
are connected by a crossover (Fig. 4, G and H).
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A 6H by 7H by 108B-HL structure was con-
structed and characterized (Fig. 41 and fig. S61).
Particles in TEM images were measured to be
13 nm (= 0.8 nm SD) by 18 nm (+ 1.1 nm SD) by
35 nm (+ 2.2 nm SD). Assembly yield was es-
timated to be 26% (fig. S62).

Other brick motifs. We also constructed a
6H by 10H by 64B cuboid that arranges brick
strands in an alternating fashion between layers
(figs. S63 and S64) and two 6H by 6H by 64B
cuboids that implement two other brick motif
designs (figs. S65 and S66). One design is based
on “chopping” the scaffold of a DNA origami
to short strands (fig. S65A). The other adopts
standardized motifs that are each 32 nt long and
have two crossovers (fig. S65B). These designs
further demonstrate the versatility of DNA brick
self-assembly.

Discussion

DNA bricks provide a simple, modular, and ro-
bust framework for assembling complex struc-
tures from short strands. Simplicity: A canonical
brick is a standardized 32-nt single strand com-
posed of four 8-nt binding domains; bricks in-
teract via simple local binding rules. Modularity:
With no scaffold present, an assembly of bricks
has a modular architecture; each brick can be
added or removed independently. Robustness:
The assembly process is robust to variations in
sequence composition (random sequences are

used), strand synthesis (unpurified strands suf-
fice), and stoichiometry (no tight control is re-
quired). Together, the simple and standardized
motif, modular architecture, and robust perform-
ance permit straightforward automation of the
design and construction process. A software tool
takes as input a 3D shape specification and di-
rects a liquid-handling robot to select and mix
presynthesized brick strands to form the shape.
Using a 1000-voxel canvas, 102 diverse shapes
were rapidly prototyped. These shapes demon-
strate a new level of geometrical sophistication,
as exemplified by the intricate tunnel and cavity
features.

The DNA brick framework is not restricted
to the canonical 32-nt motif and can be gen-
eralized to include various other motifs (Fig.
4), enabling the construction of 3D structure
with diverse lattice-packing geometries. In addi-
tion, previously demonstrated single-stranded tiles
(15, 26) can be viewed as a special case of bricks
in which each pair of neighboring bricks form a
180° angle. For comparison, in hexagonal-, square-,
and honeycomb-lattice structures, neighboring
bricks form 60°, 90°, and 120° angles, respec-
tively. These different angles are achieved by
changing the domain lengths of bricks. Further-
more, neighboring bricks may be merged into a
longer strand, which may facilitate nucleation or
strengthen structurally weak positions, The DNA
brick (and single-stranded tile) method differs from

previous multistranded tiles in that each brick
monomer is a floppy single strand and only
folds into a bricklike shape when incorporated
into the assembly. It also differs from DNA ori-
gami by not using a scaffold strand. However,
DNA origami can also be related to the brick
framework, in which half of the bricks are con-
catenated into a long scaffold (fig. S65A). The
successes of constructions that use only short
strands (as in bricks) and those that include a
long scaffold (as in origami) together suggest a
full spectrum of motif possibilities with strands
of diverse lengths: Longer strands may provide
better structural support, and shorter ones may
provide finer modularity and features; the eclec-
tic use of both may lead to the most rapid pro-
gression toward greater complexity.

The DNA brick structures constructed here
are still far below the size limit allowed by se-
quence uniqueness. Making the conservative
assumption (by neglecting the contribution of
cooperativity) that every domain must display a
different sequence, a structure using canonical
32-nt, four-domain bricks could potentially reach
a size of 8 nt by 4° (524,288 nucleotides). In our
experiments, the assembly process appeared to
tolerate (sparse) identical domains (fig. S8), fur-
ther expanding the potential obtainable size. Fur-
ther exponential increase in size could potentially
be achieved by using bricks with longer domains
or by encoding algorithmic growth patterns (8) in

A

Top layer of 6H x 6H x 48B
P

BH w B« B4E8.HC

Fig. 4. Generality of DNA brick self-assembly. (A to €) The design and
construction of a single-layer brick structure. (A) DNA bricks of the top layer
of the 6H by 6H by 48B cuboid in Fig. 1D, with the crossovers to the layer
below removed. (B) TEM images of a 30H by 1H by 126B rectangle. Top
right inset shows the model of the design. Bottom right inset contains a
zoomed-in image of the structure. (C) AFM images of the 30H by 1H by
126B rectangle. Inset contains a zoomed-in image of the structure. (D to I)
The designs and constructions of 3D honeycomb-lattice [(D) to (F)] and
hexagonal-lattice [(G) to ()] brick structures. [(D) and (G)] The strands used
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for (D) honeycomb-lattice and (G) hexagonal-lattice self-assembly. The num-
ber of nucleotides in each domain is indicated in the left panel. [(E) and (H)]
Strand diagrams of (E) an 84-bp honeycomb-lattice structure and (H) a 54-bp
hexagonal-lattice structure. The right bottom image depicts an enlarged image
of the circled helix bundle. Strand colors match those described on the right
side of (D) or (G). Numbers indicate DNA helices. [(F) and (] TEM images of
(F) a 6H by 6H by 84B-HC hexagonal-lattice structure and () a 6H by 7H by
108B-HL 3D hexagonal-lattice structure. 3D model and zoomed-in images of
different projection views are shown to left.
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the assembly. However, in practice, low yields
were already observed for larger designs (up to
24,576 nucleotides attempted thus far). Solving
this challenge may require improvements in struc-
ture and sequence design, enzymatic synthesis for
higher-quality strands, optimized thermal or iso-
thermal (44) annealing conditions, and a detailed
understanding and perhaps explicit engineering
of the kinetic assembly pathways (8, /4, 44) of
DNA brick structures.

The DNA brick structure, with its modular ar-
chitecture, sophisticated geometry control, and
synthetic nature, will further expand the range of
applications and challenges that nucleic acid nano-
technology has already started to address—for
example, to arrange technologically relevant guest
molecules into functional devices (6, 25, 32-34),
1o serve as programmable molecular probes and
instruments for biological studies (33, 34, 36),
to render spatial control for biosynthesis of use-
ful products (25), to function as smart drug deliv-
ery particles (37), and to enable high-throughput
nanofabrication of complex inorganic materials
for electronics or photonics applications (6, 32).
The modularity of the brick structure may facil-
itate rapid prototyping of diverse functional nano-
devices. Its sophisticated and refined geometrical
control may enable applications that require high-
precision arrangements of guest molecules. Be-
cause the brick structure is composed entirely of
short synthetic strands (no biologically derived
scaffold), it is conceivable to make bricks by using
synthetic informational polymers other than the
natural form of DNA. Such polymers may in-
clude L-DNA (26), DNA with chemically modi-
fied backbones or artificial bases, or chemically
synthesized or in vitro (or even in vivo) transcribed
RNA. This material diversity may potentially
produce nanostructures with not only prescribed
shapes but also designer chemical (or bio-
chemical) properties (such as nuclease resistance
or reduced immunogenicity) that would be useful
for diverse applications requiring the structure to
function robustly in complex environments,
such as in living cells or organisms.
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A Reconciled Estimate of Ice-Sheet

Mass Balance

Andrew Shepherd,™* Erik R. Ivins,?* Geruo A,? Valentina R. Barletta,* Mike J. Bentley,’
Srinivas Bettadpur,® Kate H. Briggs,* David H. Bromwich,” René Forsberg,® Natalia Galin,?
Martin Horwath,’ Stan Jacobs,™ lan Joughin,* Matt A. King,*2%” Jan T. M. Lenaerts,™ Jilu Li,**
Stefan R. M. Ligtenberg,’® Adrian Luckman,® Scott B. Luthcke,*® Malcolm McMillan,?

Rakia Meister,® Glenn Milne,” Jeremie Mouginot,®® Alan Muir,® julien P. Nicolas,” John Paden,**
Antony ). Payne,’” Hamish Pritchard,?® Eric Rignot,"®? Helmut Rott,?* Louise Sandberg Serensen,”
Ted A. Scambos,®? Bernd Scheuchl,™® Ernst ]. O. Schrama,?® Ben Smith,** Aud V. Sundal,’

Jan H. van Angelen,*® Willem J. van de Berg,™ Michiel R. van den Broeke,** David G. Vaughan,?°
Isabella Velicogna,*®? John Wahr,? Pippa L. Whitehouse,® Duncan J. Wingham,® Donghui Yi,*

Duncan Young,? H. Jay Zwally*®

We combined an ensemble of satellite altimetry, interferometry, and gravimetry data sets using
common geographical regions, time intervals, and models of surface mass balance and

glacial isostatic adjustment to estimate the mass balance of Farth’s polar ice sheets. We find that
there is good agreement between different satellite methods—especially in Greenland and

West Antarctica—and that combining satellite data sets leads to greater certainty. Between 1992
and 2011, the ice sheets of Greenland, East Antarctica, West Antarctica, and the Antarctic
Peninsula changed in mass by —142 + 49, +14 + 43, —65 + 26, and —20 =+ 14 gigatonnes year?,
respectively. Since 1992, the polar ice sheets have contributed, on average, 0.59 * 0.20 millimeter

year™! to the rate of global sea-level rise.

luctuations in the mass of the polar ice
Fsheets are of considerable societal impor-
tance, because they affect global sea lev-
els (1, 2) and oceanic conditions. They occur as

a consequence of their internal dynamics and
changes in atmospheric and oceanic conditions
(3-5). Analysis of the geological record sug-
gests that past climatic changes have precipitated
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DNA brick crystals with prescribed depths

Yonggang Ke23*% Luvena L. Ong"#, Wei Sun'*, Jie Song®, Mingdong Dong?, William M. Shih'23

and Peng Yin'>*

The ability to assemble functional materials with precise spatial arrangements is important for applications ranging from
protein crystallography to photovoltaics. Here, we describe a general framework for constructing two-dimensional crystals
with prescribed depths and sophisticated three-dimensional features. The crystals are self-assembled from single-stranded
DNA components called DNA bricks. We demonstrate the experimental construction of DNA brick crystals that can grow
to micrometre size in their lateral dimensions with precisely controlled depths up to 80 nm. They can be designed to pack
DNA helices at angles parallel or perpendicular to the plane of the crystal and to display user-specified sophisticated
three-dimensional nanoscale features, such as continuous or discontinuous cavities and channels.

tals with prescribed depths and intricate three-dimensional

features, provides an enabling platform for nanofabrication.
For example, these two-dimensional crystals could be integrated
with inorganic nanomaterials to develop complex nanoelectronics’
and photonics systems®*. Although thin film structures have been
created using either electron/ion beam lithography? or self-assembly
of block copolymers*®, fabricating two-dimensional materials that
simultaneously achieve precisely tunable thickness as well as pre-
scribed complex surface and internal features (for example, chan-
nels or pores) with sub-5 nm resolution remains challenging®¢-2.

A promising route to address this challenge is structural DNA
nanotechnology®. DNA has been used to create complex discrete
shapes”?® and extended periodic crystals®®-*, including ribbons*,
tubes?”323335, two-dimensional crystals!326-3236-3 and three-dimen-
sional crystals**, DNA structures can serve as scaffolds for precise pat-
terning of functional moieties (for example, gold nanoparticles) for
electronics and photonics applications****4%, However, in contrast to
current organic polymeric films*, the two-dimensional DNA crystals
are typically restricted to a single layer of DNA helices with ~2 nm
depth. A three-dimensional crystal has been reported previously,
but it grows in all three dimensions with no control in depth and
uses a small triangular repeating unit*. One major categorical gap
in constructing atomically precise DNA structures—and, more
generally, synthetic molecular structures—is the lack of a general
framework for making complex two-dimensional crystals with
precisely controlled depths and sophisticated three-dimensional
features. Successful construction of such structures could enable a
wide range of applications ranging from nanoelectronics and
plasmonics to biophysics and molecular diagnosis.

Using single-stranded DNA bricks?"?%33, we describe here a
simple, robust and general approach to engineer complex micro-
metre-sized two-dimensional crystals with prescribed depths and
complex three-dimensional features with nanometre resolution. In
previous reports?2>3%  DNA crystals have typically been
formed via a two-stage hierarchical process, in which individual
strands first assemble into a discrete building block (often known

_I_he production of two-dimensional materials, particularly crys-

as a DNA tile), and individual tiles then assemble into crystals. [n
contrast, DNA brick crystals grow non-hierarchically, and the
growth of DNA crystals from short, floppy, single-stranded DNA
bricks does not involve the assembly of preformed discrete multi-
stranded building blocks with well-defined shapes. During the
brick crystal growth, assembly and disassembly occur via relatively
weak intermolecular interactions involving the addition or subtrac-
tion of a single short strand at a time.

We constructed a total of 32 DNA brick crystals. These crystals
can grow up to several micrometres in their lateral dimensions
with a prescribed depth of up to 80 nm, and display sophisticated
user-specified  nanometre-scale  three-dimensional  features,
including intricate cavities, channels and tunnels (Supplementary
Fig. 1). Additionally, the non-hierarchical nature of the assembly
permits isothermal formation of the crystals. We illustrated the
scaffolding utility of these crystals by functionalizing them with
parallel arrays and layers of tightly packed (1-2nm spaced)
gold nanoparticles.

Design and assembly of DNA brick crystals

The crystal design was based on previous discrete three-dimensional
DNA brick structures?’, A DNA brick is a 32-nucleotide (nt) strand
with four 8-nt binding domains, and can be modelled as a Lego-like
brick (Fig. 1a). In a one-step annealing reaction, DNA bricks—each
with a distinct sequence—assemble into a prescribed structure by
binding to their designated neighbours. Implementing ‘connecting’
bricks between discrete structures yields DNA brick crystals. The
design strategy is illustrated using a 6H (helix) x 6H (helix) x 24B
(base pair) cuboid structure that can be programmed to grow
along three orthogonal axes (Fig. 1b). To achieve growth along
the z axis (parallel to the helical axes), the domains in the first
layer are modified to be complementary to the domains in the last
layer. Growth along the x axis or y axis is achieved by including
bricks that each have two domains bound to one face of the
cuboid and the other two domains bound to the opposing face
(see Supplementary Fig. 2 for detailed strand connection patterns).
The crystals are designed to form via non-hierarchical growth, with
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Figure 1 | Design of DNA brick crystals. a, Strand (left) and brick (right) models showing two 32-nt DNA bricks that form a 90° angle. b, Models of a 6H
(helix) x 6H (helix) x 24B (base pair) cuboid with increasing levels of abstraction: (left to right) a strand model, a brick model (in which colours distinguish
brick species), a brick model with all bricks coloured grey, and a model where cylinders represent DNA double helices. ¢, Individual DNA strands, rather than
pre-assembled multi-brick blocks, are directly incorporated into the growing crystal. d-f, Brick and cylinder models of a one-dimensional Z-crystal (d), a
two-dimensional ZX-crystal (e) and a two-dimensional XY-crystal (f) designed from the 6H x 6H x 24B cuboid. g-i, Cylinder and DNA-helix models of
crystals with pores and tunnels: Z-crystal with a tunnel and periodic pores (g); ZX-crystal with two groups of parallel tunnels (h); XY-crystal with periodic
pores (i). Repeating units of the crystals are denoted by blue boxes. Pink arrows indicate the directions of crystal growth.

individual bricks (rather than preformed multi-brick blocks)
directly incorporated into the crystal (Fig. 1c).

We constructed four groups of crystals: (1) Z-crystals: one-
dimensional ‘DNA-bundle’ crystals extending along the z axis
(Fig. 1d); (2) X-crystals: one-dimensional crystals extending along
the x axis; (3) ZX-crystals: two-dimensional ‘multilayer’ crystals
extending along the z axis and the x axis (Fig. le); (4) XY-crystals:
two-dimensional ‘DNA-forest’ crystals extending along the x axis
and y axis (Fig. 1f). Using different designs of repeating units,
DNA crystals with prescribed depths and features (for example,
pores, channels and tunnels) can be made (Fig. 1g-i). Here, we
define a ‘channel’ as a surface-exposed cavity extending across mul-
tiple repeating units, a ‘pore’ as a hole across a single repeating unit,
and a ‘tunnel’ as a series of concatenated pores. A crystal is named
as ‘[the growth direction(s)]-[the dimensions of the repeating
unit]-[the shape of the unit]’. For instance, an ‘XY-6H x 6H x
24B-cuboid’ crystal is a two-dimensional XY-crystal with a
cuboid-shaped 6H x 6H x 24B repeating unit. Like discrete DNA
brick structures®, the sequences for DNA-brick crystals were
randomly generated. All crystals used a 10.67 base pair (bp)/turn
reciprocal twist density, which is slightly underwound compared
to the 10.5 bp/turn of natural B-form DNA.

Each crystal was assembled by mixing unpurified DNA brick
strands in a roughly equimolar ratio in the presence of 40 mM
MgCl,, without careful adjustment of strand stoichiometry. After
72h or 168 h one-pot annealing, assembled crystals were imaged
using transmission electron microscopy (TEM), cryo-electron
microscopy (cryo-EM) or atomic force microscopy (AFM),
without further purification. See Methods for details.

One-dimensional DNA-bundle crystals (Z-crystals)
Both solid Z-crystals (Fig. 2a-f) and Z-crystals with tunnels
(Fig. 2g-i) were constructed successfully.

Solid Z-crystals with different cross-sectional shapes. We first
constructed three solid Z-crystals with distinct square-shaped
cross-sections (6H x 6H x 32B, 8H x 8H x 32B and 10H x 10H x
32B; Fig. 2a-c). We then demonstrated crystals with more
complex cross-sections: a Z-8H x 8H x 128B-spiral crystal with a
surface helical channel along the z axis (Fig. 2d), a Z-43H x 32B-
triangle crystal (Fig. 2¢) and a Z-44H x 32B-hexagon crystal
(Fig. 2f). The spiral channel was clearly visible in the TEM image
of the Z-8H x 8H x 128B-spiral crystal. However, many broken
structures were also observed for this spiral crystal
(Supplementary Fig. 6). '

Z-crystals with tunnels. Three Z-crystals with tunnels were tested
(Fig. 2g-i). The cross-section of the Z-56H x 32B-tunnel is an
8H x 8H square with a 2H x4H rectangle removed from the
centre (Fig. 2g). The Z-108H x 32B-tunnel has a 12Hx 12H
square cross-section with a 6H x 6H hole (Fig. 2h). The Z-60H x
64B-tunnel crystal contains a 2H x 2H tunnel along the z axis and
8H x 2H x 24B pores that intersect the 2H x 2H tunnel every 64
bp along the z axis (Fig. 2i). TEM images of the Z-60H x 64B-
tunnel showed many splintered structures containing only
half of the designed DNA helices, probably reflecting the
weakening effect of the periodic 8H x 2H x24B pores on the
connections between the top and bottom halves of the structures
along the y axis.
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Figure 2 | One-dimensional DNA crystals. a-i, Z-crystals: cylinder models and TEM images. a-c, Z-crystals with solid cross-sections: 6H x 6H (a), 8H x 8H
(b), 10H x10H (e). d-f, Z-crystals with different cross-sectional shapes: 8H x 8H Z-crystal with right-handed spiral channel (d); 43H Z-crystal with triangle-
shaped cross-section (e); 44H Z-crystal with hexagon-shaped cross-section (). g-i, Z-crystals with porous cross-sections: 8H x 8H Z-crystal with a 2H x 4H
tunnel (g); 12H x 12H Z-crystal with a 6H x 6H tunnel (h); 8H x 8H Z-crystal with a 2H x 2H tunnel and perpendicular 8H x 2H x 24B pores (i). jk, Cylinder
models (top) and TEM images (bottom) of X-crystals: X-6H x 6H x 64B-cuboid crystal (j); 6H x 6H X-crystal with 2H x 2H pores (k). Unit cells of crystals

are denoted by blue boxes. See Supplementary Figs 3-12 for more TEM images.

All Z-crystals displayed a global right-handed twist, which prob-
ably resulted from the stress generated by the underwound
design'”*2. Zoomed-out TEM images of Z-crystals are provided in
Supplementary Figs 3-11.

One-dimensional X-crystals

We constructed two one-dimensional crystals that extended along
the x axis: an X-6H x 6H x 64B-cuboid crystal (Fig. 2j) and an
X-32H x 64B-pore crystal (Fig. 2k). Both appeared well-formed
and were observed to have grown up to a few hundred nanometres
in length in TEM images. See Supplementary Fig. 12 for
larger images.

Two-dimensional DNA multilayer crystals (ZX-crystals)
Solid ZX-crystals (Fig. 3a-d), ZX-crystals with channels, pores and
tunnels (Fig. 3e-h) and an offset ZX-crystal (Fig. 3i) were
successfully constructed.

Solid ZX-crystals. Four solid ZX-crystals were designed from
4H x 32B units that contained 4, 6, 10 and 20 layers of helices,
respectively (Fig. 3a-d). The thickness of each ZX-crystal was
directly measured at the crease where the crystal folded over onto
itself in TEM images. The thicknesses of the 4-, 6-, 10- and
20-layer ZX-crystals were measured to be ~10, 15, 25 and 50 nm,
respectively, proving all layers of the crystals were completely
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Figure 3 | Two-dimensional multilayer ZX-crystals. Cylinder models (top) and TEM images (bottom) for each crystal. a-d, Sofid ZX-crystals: 4-layer (a),
6-layer (b), 10-layer (¢), 20-layer (d) solid ZX-crystals. Arrows indicate positions for thickness measurements of the crystals. e-h, ZX-crystals with channels,
pores and tunnels: 6-layer crystal with 2H x 2H parallel channels (e); 6-layer crystal with two groups of crossing channels (2H x 2H channels that run parallel
to the DNA helical axis and 2H x 32B channels that run perpendicular to the DNA helical axis) (f); 6-layer crystal with 2H x 6H x 328 pores (g); 10-layer
crystal with two groups of non-contacting tunnels (2H x 2H tunnels parallel to the DNA helical axis and 2H x 24B tunnels perpendicular to DNA hefical axis)
(h). In h, the two groups of tunnels are separated by two layers of DNA helices. i, Offset-ZX-6H x 6H x 64B-cuboid ZX-crystal. The dark grey part represents
a 6H x 6H x 64B-cuboid repeating unit. Unit cells of crystals are denoted by blue boxes. See Supplementary Figs 13-21 for more TEM images.

formed and that the width of each DNA helix was ~2.5 nm
in diameter.

ZX-crystals with channels, pores and tunnels. We first designed
three ZX-crystals from a 6H x 6H x 32B cuboid unit (Fig. 3e-g).
Four helices were removed from the cuboid to generate ZX-
32H x 64B-channel (Fig. 3e). The second design, ZX-32H x

64B-cross-channel, was obtained by further removing a
perpendicular 2H x 32B channel from ZX-32H x 64B-channel
(Fig. 3f). The third design, ZX-6H x 6H x 64B-pore, contained a
2H x 4H x 32B vertical pore along the y axis in each cuboid unit
(Fig. 3g). This design yielded narrow and long crystals. The most
complex ZX-crystal design is the ZX-96H x 64B-cross-tunnel
crystal (Fig. 3h). Its repeating unit can be considered as a
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10H x 10H x 64B-cuboid with a 2H x 2H x 64B-pore along the
z axis and with a 10H x 2H x 24B-pore along the x axis. In this
structure, the design contains two types of parallel tunnel
separated by two layers of DNA. These tunnels appear
perpendicular when viewed from the ZX projection.

Offset two-dimensional ZX-crystal. We constructed a ZX-crystal
that extended 6H x 6H x 64B-cuboid repeating units along the z axis
and x axis using an ‘offset-register’ scheme: the crystal’s z axis
extension was shifted 4H along the x axis, and the crystal’s
x axis extension was shifted 32B along the z axis (Fig. 3i).

All ZX-crystals showed a small amount of right-handed twist,
which also probably arose from the 10.67 bp/turn underwound
design. As a result, we observed that the crystals sometimes appeared
twisted and folded on top of themselves in TEM images. We also
observed that all ZX-crystals grew faster along the z axis than the
x axis, consistent with observations from previous crystal growth
studies?®. See Supplementary Figs 13-21 for more TEM images.

Two-dimensional DNA forest crystals (XY-crystals)

We constructed solid XY-crystals (Fig. 4a-d), XY-crystals with pores
and surface channels (Fig. 4e-i) and XY-crystals that form a tube
structure (Fig. 4j).

Solid XY-crystals. Solid XY-crystals of variable depths were
constructed (Fig. 4a-d). Using a 4H x 4H-cuboid unit of various
heights, we constructed four XY-crystals with 64B (21 nm), 128B
(42 nm), 192B (63 nm) and 256B (84 nm) designed depths.

XY-crystals with pores and channels. XY-32H x 64B-pore and XY-
32H x 128B-pore crystals were constructed (Fig. 4e.f). Both designs
contained periodic 2H x 2H pores separated by 4H in each
dimension. The two crystals resemble 21 nm and 42 nm porous
membranes, respectively. Cryo-EM imaging was applied to these
two crystals (Supplementary Fig. 22). Based on three-dimensional
reconstruction data, their depths were measured to be 26 +2 nm
(32H x 64B-pore) and 45+ 3 nm (32H x 128B-pore), respectively
(Fig. 4gh), in good agreement with the theoretical values (21 nm
and 42 nm). The slight discrepancy is likely to be a result of
theoretical estimations not accounting for the single-stranded
poly-T at the ends of the duplex. The depths of these two crystals
were also measured by AFM to be ~l6nm and 36nm,
respectively (Supplementary Fig. 23). The smaller depths obtained
from AFM probably reflect compression of the crystal by
the cantilever.

An XY-4H x 8H x 96B-channel crystal was constructed (Fig. 4i).
It contained a solid 64B (42 nm) base and parallel channels. The
channels were 4H (10 nm) in width and 32B (21 nm) in height
and were separated by four layers of helices.

A tube-shaped XY-crystal. An XY-4H x 4H x 32B-tube crystal
(Fig. 4j) was designed using the same strategy as for the other
XY-crystals. However, when assembled in 40 mM MgCl,, this
thin 32B (10.6 nm) XY-crystal formed a tube (Supplementary Figs
24 and 25) instead of a flat two-dimensional crystal, probably due
to the uneven distribution of connections between helices
(Supplementary Fig. 24).

Annealing the XY-4H x 4H x 32B-tube at higher MgCl, concen-
tration produced tubes with larger diameters, presumably due to a
greater reduction in repulsion between negatively charged DNA
helices. At 60 mM MgCl, we observed many tubes with diameters
between 140 and 300 nm (Supplementary Fig. 26). To further test
our hypothesis that the tube formation is caused by the asymmetric
distribution of crossovers, we designed an XY-4H x 4H x 32B-cuboid
crystal in which the DNA bricks were arranged in an alternating
fashion between layers??. Connections between helices in this

design were symmetrically distributed along both the x axis and
the y axis (Supplementary Fig. 65). This alternating design produced
only flat crystal structures (Supplementary Fig. 27). Additionally,
the thicker 64, 128, 192 and 256B XY-crystals with non-alternating
designs had 2, 4, 6 and 8 connections between each pair of neigh-
bouring helices, respectively. No visible curvature was observed
for these designs in TEM images (Supplementary Figs 28-31).

General observations. Unlike the ZX-crystals, the XY-crystals did
not show a global right-handed twist. The lack of global twist can
be explained by the following analysis. For simplicity, assume an
XY-crystal forms a perfect cylinder containing n helices. The
overall twist (in radians) of the cylinder is 8= TL/JG, where T is
the applied torque resulting from the underwound design, L is the
helix length, G is the modulus rigidity of a helix, and ] is the
torsion constant. The first three parameters can be considered as
constants. The torsion constant J for a cylinder as a function of
cross-sectional (x-y plane) radius can be approximated as mr®/2
(r* is proportional to n?), where r is the circular cross-sectional
radius. Thus, 6 is inversely proportional to n” As an XY-crystal
grows to include a large number of helices, its global twist 6
rapidly becomes negligible.

As both growth directions (x axis and y axis) for an XY-crystal
are perpendicular to the DNA helical axis, the XY-crystal grew in
an isotropic fashion and did not exhibit any apparent directional
preference. Because crystal growth along the x axis or y axis is
slower than growth along the z axis (as discussed for ZX-crystals),
the 72 h annealing often produces either no XY-crystals or XY-crystals
smaller than 100 nm in their lateral dimensions. Accordingly, we used
a 168 h annealing ramp for all XY-crystals.

XY-crystals provide a particularly attractive platform for DNA-
directed guest molecule assembly. The surface of an XY-crystal
can be considered as a ‘breadboard’’® on which guest molecules
can be conveniently attached to the ends of DNA helices at 2.5 nm
resolution in the lateral plane.

See Supplementary Figs 25-34 for more TEM images of
XY-crystals.

Crystal growth mechanism

The non-hierarchical growth mechanism of DNA brick crystals was
verified by the following experiments: (1) analysis of the boundaries
of DNA brick crystals based on high-resolution TEM images
revealed that these crystals lack well-defined, complete structural
repeating units on their boundaries; (2) the annealing profile of
the formation of the crystals revealed a single transition temperature
(rather than two or more transition temperatures characteristic of
hierarchically formed DNA crystals®*3¢); (3) time-lapse analysis of
the TEM images and gel electrophoresis of the assembly process
revealed the absence of repeating units of designed size.

Boundary analysis, We studied the edge of the XY-32H x 64B-pore
crystal by counting the number of units that match that of the
designed repeating unit (Supplementary Fig. 35). In hierarchically
assembled crystals, the designed repeating units are first formed
before they are assembled into a crystal. As a result, the edges of
the crystal often consist of the shape of the designed repeating
unit (for example, >90% of the edges of a previously reported
hierarchically assembled crystal®®; Supplementary Fig. 36). In
contrast, only 2% of the edges of the XY-32H x 64B-pore brick
crystal match that of the designed shape (Supplementary Fig. 37),
consistent with a non-hierarchical assembly mechanism. See
Supplementary Section 6.1 for more details.

Annealing curve. To study the annealing profile of the brick crystals
we assembled the ZX-4H x 20H x 32B and XY-32H x 64B-pore crystals
in the presence of SYBR Green I (Supplementary Figs 38 and 39).
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Figure 4 | Two-dimensional DNA forest XY-crystals. Cylinder models (top) and TEM images (bottom) for each crystal. a-d, Solid XY-crystals: 648 (a),
128B (b), 192B (c), 256B (d) solid XY-crystals designed from a 4H x 4H cuboid. e,f, XY-crystals with pores: 32 x 64B-pore XY-crystal with 2H x 2H x 648
parallel pores (e); 32H % 128B-pore XY-crystal with 2H x 2H x 1288 parallel pores (f). gh, Cryo-EM three-dimensional reconstruction images showing the
three projections of the XY-32H x 64B-pore crystal (g) and the XY-32H x 128B-pore crystal (h). Arrows indicate positions of thickness measurements.

i, A 96B XY-crystal with 4H x 32B parallel channels. j, A tube crystal formed by 328 helices with helical axis perpendicular to the tube axis. Unit cells of
crystals are denoted by blue boxes. See Supplementary Figs 25-34 for more TEM images.

Annealing curves for both brick crystals depict a single, sharp
transition peak, which occurred at ~40°C for the ZX-crystal
(Supplementary Fig. 38b,c) and 30°C for the XY-crystal
(Supplementary Fig. 39b,c), consistent with a non-hierarchical
assembly process where individual component strands are directly
incorporated into the lattices. See Supplementary Section 6.2 for
more details.

Time-lapse analysis with gel electrophoresis and TEM. Time
points before, at and after the transition temperature were
sampled for both the above two ZX- and XY-crystals to confirm
the lack of well-formed, discrete repeating units. Gel
electrophoresis showed no intermediate band between the well
and monomers (Supplementary Figs 38d and 39d), as expected.
Although TEM imaging revealed some small, randomly sized and
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Figure 5 | Isothermal assembly of brick crystals. a, Cylinder model of a ZX-6H x 4H x 96B crystal. b, Annealing curve (blue) with the derivative of the
fluorescence with respect to temperature (green) of the ZX-6H x 4H x 96B crystal. Annealing curves were obtained in the presence of 0.3 x SYBR Green | at
500 nM of each strand. Error bars represent standard error from the mean acquired from three measurements. ¢, TEM images of the ZX-6H x 4H x 96B
crystal incubated at 33 °C for various durations. Samples were diluted four times before deposition on the TEM grids.

shaped clusters of strands, no uniformly sized and shape-defined
structures were observed, supporting the designed non-hierarchical
assembly mechanism (Supplementary Figs 38e and 39%). See
Supplementary Section 6.2 for more details.

Isothermal assembly

The single transition temperature of the DNA brick crystallization
suggests that these crystals should be able to assemble isothermally.
We therefore assembled a ZX-6H x 4H x 96B-cuboid crystal iso-
thermally at the observed annealing transition temperature of 33 °C
(Fig. 5a, Supplementary Fig. 40c). Gel electrophoresis showed no
discrete  monomer band during annealing (Supplementary
Fig. 40d). Time-lapse TEM images further supported the non-
hierarchical assembly mechanism: structures around 100 nm in size
appeared after 2 h and rapidly grew to micrometre-sized structures
by 48 h (Fig. 5c). See Supplementary Section 6.3 for more details.

Yield and defect analysis

We used crystal deposition density and the strand depletion ratio to
estimate the approximate yield of brick crystals. After four-times
dilution, an isothermally assembled ZX-6H x 4H x 96B sample
produced 0.23 structures per pm” on a TEM grid (Supplementary
Fig. 41), while Forster resonance energy transfer analysis of dye-
labelled ZX-6H x 6H x 64B sample suggested an 80% strand
depletion ratio (Supplementary Fig. 42). Analysis of the pore
morphology of XY-32H x 64B-pore TEM images indicated a 9%

defect rate (Supplementary Fig. 43). See Supplementary Section 7
for more details.

Patterning gold nanoparticles

Gold nanoparticles have previously been arranged into discrete
patterns®#®** and single-layer periodic patterns®* using DNA
structures as templates. However, it remains challenging to form
close-packed periodic patterns, especially multilayer patterns, of
gold nanoparticles. This challenge is addressed here using DNA
crystals. We constructed two close-packed gold-nanoparticle super-
structures on DNA brick crystals: (1) parallel lines of gold particles
arranged on a ZX-4H x 6H x 96B-channel crystal (Supplementary
Fig. 44) spaced on average 2 nm apart (Fig. 6a,b), and (2) parallel
gold-nanoparticle monolayers, with each particle spaced on
average 1-2 nm apart, on an XY-4H x 4H x 64-cuboid (Fig. 6¢c-e).
Aligning gold nanoparticles into micrometre-scale ordered arrays
is required in diverse plasmonic applications. In particular, nano-
particle arrays with sub-2 nm face-to-face spacing are expected to
exhibit strong plasmonic coupling*’. See Supplementary Section 8
for more experimental details.

Discussion

Crystallization of increasingly large macromolecular complexes can
be challenging. Traditionally, the process is hierarchical; that is, the
complexes incorporate into the crystal as preformed monomeric
units?*-3234-38 However, the homogeneity of complex monomers

Figure 6 | Gold nanoparticles patterned using DNA brick crystals. a-c, Model (a) and TEM images (b,¢) of parallel lines of 10 nm gold nanoparticles closely
packed on a ZX-4H x 6H x 96-channel crystal. ¢, Zoomed-in TEM image of a single chain of gold nanoparticles. d-f, Mode! (d) and TEM images (ef) of
close-packed gold-nanoparticle monolayers formed on the top and bottom surfaces of an XY-4H x 4H x 64B-cuboid crystal. Inset of d: single-stranded poly-T
extensions on each end of the helix and a 10 nm gold nanoparticle occupying a 4H x 4H surface. A crystal displays curvatures on the edge (F). Pink arrows
indicate the curved positions where the two gold-nanoparticle monolayers can be seen.
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is often difficult to ensure and the addition of a defective monomer
can compromise the growth of a well-ordered crystal. Furthermore,
the kinetics of joining large monomers can be slow because of their
size, especially in the case when they repel each other due to like
charges. Finally, effective crystallization is thought to require error
correction that involves near-equilibrium incorporation and dis-
sociation of monomers to erase defects on the path to the lowest
energy state. Therefore, if the strength of the interaction between
monomers is too strong, which is more likely for large structures,
irreversible rather than reversible self-assembly may dominate,
resulting in defective crystals.

In contrast, our DNA brick framework explores a non-hierarch-
ical route to crystallization that achieves reversible assembly of
rapidly diffusing subcomponents without sacrificing the complexity
of the larger repeating unit in the final crystals. Using a modular
strategy that utilizes standardized components—such as our DNA
bricks—a repeating unit can contain thousands of base pairs,
enabling the implementation of designs bearing intricate features.
Although we define a repeating unit for ease of design, there is no
difference between bricks within each repeating unit and those
that connect the repeating units, so bricks can be added to or sub-
tracted from the growing crystal one at a time. A corollary is that the
boundary where one repeating unit begins and the next one ends
is arbitrary.

Microscale two-dimensional DNA brick crystals with prescribed
depths and three-dimensional nanoscale features provide a new
platform for developing diverse applications. In biophysics, host-
guest two-dimensional DNA crystals could facilitate cryo-EM
imaging and three-dimensional reconstruction of protein struc-
tures®®. Thicker two-dimensional crystals are more rigid and resist-
ant to dynamic thermal fluctuations, providing better translational
alignment of proteins; their three-dimensional cavities could poten-
tially hold the guest molecule in a specific conformation, providing
better orientational alignment within each unit cell. In photovol-
taics, bottom-up self-assembly of nanomaterials, such as nano-
wires*, provides a promising route to producing high-efficiency
photovoltaic devices. DNA brick crystals may prove useful for
self-assembling three-dimensional nanomaterials with nanometre
precision, thus achieving enhanced cooperation effects and energy
conversion efficiency for photovoltaic devices. In nanofabrication,
these two-dimensional DNA crystals may serve as etching masks
for fabricating diverse inorganic-materials-based devices and cir-
cuits, providing better shape programmability than current block-
copolymer-based masks®.

Methods

Design diagrams. DNA strand diagrams are provided in Supplementary Section 9
(Supplementary Figs 45-76).

Sample preparation. DNA strands were synthesized by Integrated DNA Technology
(www.idtdna.com). To assemble the structures, unpurified DNA strands were mixed
in an equimolar stoichiometric ratio from a 100 pM stock in 0.5 x Tris/EDTA buffer
(5 mM Tris, pH 7.9, 1 mM EDTA) supplemented with 40 mM MgCl,. For Z-crystals
and ZX-crystals, the final concentration of each strand was adjusted to roughly 200 nM.
For X-crystals and XY-crystals, the highest possible concentration (no addition of
extra water) was used for annealing.

Annealing ramps and isothermal assembly. The strand mixture was annealed in a
PCR thermo cycler using a fast linear cooling step from 80 °C to 60 °C over 1 h, then
a 72 h or 168 h linear cooling ramp from 60 °C to 25 °C. The annealing ramps were
named according to the length of the second cooling step (as 72 h annealing or 168 h
annealing). Most ZX-crystals were folded using 72 h annealing, except the ZX-
96H x 64B-cross-tunnels, which used 168 h annealing. All XY-crystals were folded
with 168 h annealing. For isothermal assembly of DNA crystals, the sample solution
was incubated at 33 °C for up to 48 h.

DNA modification of 10 nm gold nanoparticles. Conjugation of thiolated DNA
onto 10 nm gold nanoparticles was achieved following a previously reported
protocol”’. In a typical experiment, 20 pl 2.5 uM phosphine-coated 10 nm gold
nanoparticles were mixed with 0.5 ul 2 M NaNO; and 0.65 pl 100 uM thiolated
DNA in 0.25 x Tris/borate/EDTA (TBE) buffer, The reaction solution was incubated

at room temperature for 36 h in the dark. After that, the reaction solution was loaded into
1% agarose gel containing 0.5 x TBE buffer. The electrophoresis was running at 95 V for
1 h in a gel box on an ice-water bath, The purple band was recovered by pestle crushing,
followed by centrifugation for 3 min at 10,000 r.p.m. at room temperature using
‘Freeze’ N Squeeze’ DNA Gel Extraction spin columns (Bio-Rad). Recovered
DNA-modified gold nanoparticles were stored at 4 °C in the dark for further use.
The sequence for the thiolated DNA was 5'-AAAAAAAAAA-/3ThioMC3-D/.

Gold-nanoparticle decoration of DNA crystals. To 15 pl 400 mM NaCl solution,
0.8 pl (ZX-4H x 6H x 96B-channel crystal) or 0.6 pl (XY-4H x 4H x 64B-cuboid
crystal) DNA samples were added. Then, 0.2 pl 95 nM 10 nm gold nanoparticles
were introduced. After pipetting 50 times, the reaction mixture was left at room
temperature for 3 h in the dark.

TEM imaging. For imaging, 2.5 ul annealed sample was adsorbed for 2 min onto
glow-discharged, carbon-coated TEM grids. The grids were then stained for 10 s
using a 2% aqueous uranyl formate solution containing 25 mM NaOH. Imaging was
performed using a JEOL JEM-1400 TEM operating at 80 kV.

Cryo-EM imaging. A 5 pl droplet of the crystal sample was added onto the
positively charged carbon grids, blotted for 5.5 s, and plunge-frozen in liquid ethane
using a Vitrobot (FEI}. Grids were then loaded into a Titan Krios TEM (FEI), which
was operated at 300 kV with nominal -3 um defocus using a dose of 1.5 e A" The
specimen was tilted in <2° increments over a total angular range of +60°, All images
were obtained using automated data-acquisition software. Three-dimensional
reconstructions from the above tilt series were carried out with the weighted
back-projection method, and further analysis of tomograms was done using
IMOD software®,

Annealing and melting curves. Strands (500 nM) were folded (following the
annealing ramp protocol described above) in the presence of 0.3 x SYBR Green 1
using the Eppendorf Mastercycler realplex 4 PCR. Samples were read once during
the first cooling step and four times during the second cooling step. Following
annealing, the same samples were melted at a rate of 0.2 °C min™". Samples (9 pl)
were removed during annealing or melting for TEM and gel electrophoresis analysis.

Agarose gel electrophoresis. Annealed samples were subjected to 1.5% or 2% native
agarose gel electrophoresis for 2 h (gel prepared in 0.5 x TBE buffer supplemented
with 10 mM MgCl, and 0.005% (vol/vol) EtBr) or 1 x SYBR Safe in an ice-water bath.

AFM imaging. AFM images were obtained using a MultiMode VIIT SPM (Bruker)
equipped with a liquid cell. A 2 pl volume of sample was placed onto the surface of
highly ordered pyrolytic graphite, which was pretreated with ultraviolet-ozone

for 30 s. The 50 pl of Tris/acetate/EDTA buffer (12.5 mM Mg®*, 5 mM Ni*) was
added into the liquid cell, and images were collected using silicon nitride
cantilevers (Olympus).
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ABSTRACT: Nucleic acids have emerged as effective . -
materials for assembling complex nanoscale structures. To T

: : ; . = — |
tailor the structures to function optimally for particular et =
applications, a broad structural design space is desired. Despite 1 . o N
the many discrete and extended structures demonstrated in the . : k7 e o r‘y’
past few decades, the design space remains to be fully explored. T EJ - it SR NEP. g 49:’ Vi F.
In particular, the complex finite-sized structures produced to - R

date have been typically based on a small number of structural
motifs. Here, we perform a comprehensive study of the design
space for complex DNA structures, using more than 30 distinct motifs derived from single-stranded tiles. These motifs self-
assemble to form structures with diverse strand weaving patterns and specific geometric properties, such as curvature and twist.
We performed a systematic study to control and characterize the curvature of the structures, and constructed a flat structure with

pubs.acs.org/JACS

a corrugated strand pattern. The work here reveals the broadness of the design space for complex DNA nanostructures.

W INTRODUCTION

Self-assembly of nucleic acids (DNA and RNA) provides a
powerful approach for constructing sophisticated synthetic
molecular structures and devices. By encoding sequence
complementarity into component DNA strands, prescribed
structures = be assembled under the appropriate formation
conditions." After three decades of development, the complex-
ity of synthetic DNA structures has grown from simple
branched junctions' formed from just a few strands to complex
2D and 3D objects composed of hundreds or even thousands
of distinct strands.”> > Moreover, researchers have demon-
strated the construction of dzfnamlc systems, including
swuches, walkers,* 2% circuits,*>?7?® and triggered assembly
systems.”® Additionally, as diverse functional molecules can be
modified onto specific sites of DNA structures,'”** > DNA
nanotechnology has enabled applications such as nano-
fabrication,> grotem structure determlnatlon, fluorescent
bioimaging,*"** single molecule bio lphysws, biosynthetic and
cell-signaling pathways modulation."

Two methods that are particularly effective for assembling
discrete mega-Dalton structures with arbitrarily prescribed
shapes are DNA ori aml 1014-1822 opd single-stranded tiles
(SSTs)* and bricks.”! In DNA origami, hundreds of short,
synthetic DNA strands fold a long scaffold (tgzplcally the M13
viral genome) into a desired structure.'*'*™'** More recently,
researchers have demonstrated finite complex 2D and 3D
shapes self-assembled from hundreds to thousands of distinct
single-stranded tiles and bricks.*®!

Unlike DNA origami, no scaffold strand is required for SST
structure, which are composed entirely of short synthetic DNA

< ACS Publications  © Xxxx American Chemical Society

strands. The elimination of the scaffold strand makes SSTs
effective tools for systematic and rapid study of the geometry,
sequence, and structural design space for complex DNA
structures. First, as SST-based structures have a modular
architecture—each strand can be included, removed, or
replaced independently—SSTs enable rapid prototyping of
the shape space (more than 100 distinct, sophisticated 2D*°
and 3D*' shapes were experimentally demonstrated). Second,
as the strand sequences are no longer restricted to be derived
from the biogenic scaffold sequence, SSTs enable rapid probing
of the sequence space (structures were formed from both
specifically designed and randomly generated sequences®™*').
Lastly and importantly, by removing the restriction of scaffold
routing through the shape and using dlverse structural motifs
derived from the canonical SST motif,*® we will demonstrate
here a systematic study of the structural design space for
forming complex DNA nanostructures.

To tailor the structures to function optimally for particular
applications, a broad design space for DNA nanostructures is
desired. Despite the many discrete and extended structures
demonstrated in the past few decades, the structural design
space has yet to be fully explored. In p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>